Multiple stressors in floodplain ecosystems : influences of flooding, land use and metal contamination on biota by Schipper, A.M.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/83233
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
Multiple stressors in floodplain ecosystems
Influences of flooding, land use and metal contamination on biota
Schipper AM (2011) Multiple stressors in floodplain ecosystems. Influences of flooding, 
land use and metal contamination on biota. PhD thesis, Radboud University Nijmegen, 
the Netherlands
© 2011 Aafke Schipper, all rights reserved.
ISBN: 978-94-91066-05-4
Cover photos: Raymond Sluiter & Aafke Schipper 
Cover design and layout: Aafke Schipper 
Print: Ipskamp Nijmegen
Multiple stressors in floodplain ecosystems
Influences of flooding, land use and metal contamination on biota
Een wetenschappelijke proeve op het gebied van de 
Natuurwetenschappen, Wiskunde en Informatica
Proefschrift
ter verkrijging van de graad van doctor 
aan de Radboud Universiteit Nijmegen 
op gezag van de rector magnificus prof. mr. S.C.J.J. Kortmann 
volgens besluit van het college van decanen 
in het openbaar te verdedigen op vrijdag 18 februari 2011 
om 13:00 uur precies
door
Aafke Margaretha Schipper 
geboren op 24 februari 1979 
te Dordrecht
Promotor: Prof. dr. ir. A.J. Hendriks
Copromotores:
Manuscriptcommissie:
Dr. R.S.E.W. Leuven 
Dr. A.M.J. Ragas
Prof. dr. J.C.J.M. de Kroon (voorzitter)
Prof. dr. A.M. Breure
Prof. dr. H. Middelkoop (Universiteit Utrecht)
Aan m ijn  ouders
'Only by understanding the environment and how 
it works, can we make the necessary decisions to 
protect it'
Kofi Annan (Millennium Ecosystem Assessment)

Table of contents
Chapter 2 Vegetation characteristics and eco-hydrological processes in a 15
pristine mire in the Ob River valley (Western Siberia)
Chapter 3 Plant communities in relation to flooding and soil 31
contamination in a lowland Rhine River floodplain
Chapter 4 Spatial distribution and internal metal concentrations of 45
terrestrial arthropods in a moderately contaminated lowland 
floodplain along the Rhine River
Chapter 5 Using datasets of different taxonomic detail to assess the 59
influence of floodplain characteristics on terrestrial arthropod 
assemblages
Chapter 6 The distribution of a threatened migratory bird species in a 73
patchy landscape: a multi-scale analysis
Chapter 7 Modelling the influence of environmental heterogeneity on 89
heavy metal exposure concentrations for terrestrial 
vertebrates in river floodplains
Chapter 8 General discussion 105
Appendices 117
Literature cited 141
Summary 163
Samenvatting 167
Dankwoord (Acknowledgements) 171
Curriculum vitae 175
List of publications 176
Chapter 1 General in troduc tion  9

Chapter1
General introduction
Chapter 1
1.1 Background
1.1.1 Floodplain ecosystems
A floodplain is a relatively flat area built up of river sediments, which is subject to 
flooding when the river discharge exceeds the capacity of the channel. With increasing 
catchment and river size, the frequency of floodplain inundation tends to decrease 
whereas the duration and predictability generally increase. The periodical and 
predictable inundation of floodplains has been called the ‘flood pulse’ (Junk et al. 1989). 
The flood pulse imposes a natural disturbance regime on floodplain ecosystems, by 
shifting habitats between terrestrial and aquatic phases, rejuvenating floodplain water 
bodies and resetting vegetation succession processes (Benke et al. 2000; Geerling et al. 
2006; Junk et al. 1989; Tockner et al. 2000; Ward 1998). Although severe flooding is 
thought to reduce floodplain biodiversity, some degree of flooding is often considered 
beneficial (Bayley and Guimond 2008, 2009; Connell 1978; Pollock et al. 1998; Stanford 
et al. 1996; Ward 1998). Moderate flooding is thought to put an ‘intermediate 
disturbance regime’ on floodplain ecosystems. Such a regime puts periodic constraints 
on species-specific productivity, which provides opportunities for other species to 
establish and hampers competitive exclusion. As a result, overall biodiversity increases 
(Grime 1973; Pollock et al. 1998).
In addition to the temporal dynamics, floodplain habitats show large spatial 
variation (Ward 1998; Ward et al. 2002). River channels migrate across their 
floodplains, leaving behind different types of floodplain water bodies such as abandoned 
channels and meander cut-offs. These are associated with distinct geomorphologic and 
hydrological characteristics and a different degree of connectivity to the main channel, 
resulting in different succession trajectories and characteristic species communities 
(Castella et al. 1984; Van den Brink et al. 1996). Further, the river creates undulations in 
the floodplain, due to the deposition of levees and the lateral sediment accretion 
processes resulting in the characteristic ‘ridge and swale’ topography. These local 
differences in elevation yield spatial variation in for example inundation duration, soil 
moisture and nutrient concentrations, thus providing a variety of physical and chemical 
site conditions (Ward et al. 2002). The large spatial diversity of site conditions together 
with the flooding-induced dynamics create a constantly changing habitat mosaic, 
favouring a high diversity of both aquatic and terrestrial plants and animals. This places 
floodplains among the most dynamic and diverse natural systems on earth, often being 
called ‘biodiversity hotspots’ (Benke et al. 2000; Mouw and Alaback 2003; Naiman and 
Decamps 1997; Robinson et al. 2002; Sparks 1995; Tockner and Stanford 2002; Ward et 
al. 2002).
1.1.2 Anthropogenic impacts
Apart from their biological richness, floodplains provide important resources to 
mankind, for example through the supply of fresh water, food and fertile soils (Brismar 
2002; Costanza et al. 1997). Attracted by the services and resources provided by rivers 
and floodplains, people started to exploit riverine areas early in human history (Lenders 
2003; Nienhuis et al. 2002; Verhoeven and Setter 2010). Particularly in densely 
populated regions, large areas of natural floodplain have been reclaimed for agricultural, 
industrial and urban activities, thus modifying or simply eradicating natural floodplain 
habitats (Nienhuis and Leuven 2001; Tockner and Stanford 2002). This has been a
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profound development particularly in Europe, where over 90% of the original 
floodplains have been cultivated (Tockner and Stanford 2002). Along with the 
reclamation of riverine land, natural river flow regimes have been modified strongly by 
means of for example dams and diversions. This has reduced the hydrological 
connectivity between the floodplains and the river channel, leading to reduced 
rejuvenation, less pioneer habitats and decreased heterogeneity and biodiversity 
(Cabezas et al. 2009; Hale et al. 2008; Jansson et al. 2000; Robinson et al. 2002; Stanford 
et al. 1996). In addition to this physical reconstruction, rivers and floodplains are subject 
to chemical pollution emitted by agricultural, industrial and urban activities in the 
catchment. Suspended river sediment provides strong binding sites for many 
contaminants, facilitating downstream transport and subsequent overbank deposition 
especially in lowland floodplains (Hollander et al. 2006; Thonon 2006). Particularly 
persistent, non-degradable pollutants like PCBs and metals bear toxicological hazards 
for organisms, thus posing a potential threat to floodplain ecosystems (Hendriks et al. 
1995; Kooistra et al. 2001; Leuven et al. 2005; Van den Brink et al. 2003; Wijnhoven et 
al. 2006a). Due to the profound human influences, floodplains are nowadays ranked 
among the most altered ecosystems worldwide (Millennium Ecosystem Assessment 
2005; Tockner and Stanford 2002).
1.1.3 Floodplain management and rehabilitation
As the ecological values of rivers and floodplains are increasingly recognised, numerous 
conservation and rehabilitation efforts have been conducted or planned during the past 
decades. Management and rehabilitation efforts have often been directed to the prime 
abiotic factors affecting the biotic integrity of riverine systems, i.e., the flow patterns and 
the quality of water and sediment (Sparks 1995). Improvements of water and sediment 
quality have been achieved by reducing the emissions of pollutants (Mostert 2009) and 
by preventing pollutants from entering rivers and streams, for example with riparian 
buffer zones or river bank fencing (Miller et al. 2009; Sahu and Gu 2009). Numerous 
projects have been executed to restore the connectivity between rivers and their 
floodplains and to rehabilitate flow patterns. Examples of measures include dam 
modifications (Rood et al. 2005), removal of bank fixations (Jähnig et al. 2009; Lorenz et 
al. 2009), re-establishment of former side-arm connections (Reckendorfer et al. 2006), 
creation of secondary channels (Bij de Vaate et al. 2007), lowering of the floodplain 
surface (Geerling et al. 2008; Lorenz et al. 2009) and removal of minor embankments 
(Van Dijk et al. 1995). Although numerous rehabilitation projects have induced positive 
changes in floodplain ecosystems (Nienhuis et al. 2002), it has been concluded that 
many river-floodplain rehabilitation projects do not fully meet their major goals (Palmer 
et al. 2010). Management and rehabilitation efforts have often been conducted without 
sufficient consideration of natural dynamics and ecological processes, which may result 
in further loss rather than rehabilitation of biological integrity (Lake et al. 2007; Sparks 
1995; Stanford et al. 1996; Ward 1998). In order to be successful, floodplain 
management and rehabilitation should be based on a solid foundation, comprising a 
thorough understanding of the properties and processes of both pristine floodplain 
ecosystems and floodplains subject to anthropogenic impacts (Arthington et al. 2010; 
Stanford et al. 1996; Ward 1998; Wassen et al. 2002b).
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1.1.4 Multiple stressors
So far, most research concerning the anthropogenic impacts on floodplain ecosystems 
has focused on single factors, for example dam construction (Bayley and Guimond 2008, 
2009) or contamination (Notten et al. 2005; Rozema et al. 2008; Wijnhoven et al. 
2006a). However, the focus on single ecosystem stressors can lead to erroneous 
conclusions and failing rehabilitation efforts, particularly when effects observed are 
ascribed to the wrong stressor (Tockner et al. 2010b). Besides, combined effects of 
multiple stressors may be larger (synergism) or smaller (antagonism) than can be 
expected based on the mere addition of single stressor impacts (Breitburg et al. 1998; 
Darling and Cote 2008; Folt et al. 1999; Leuven et al. 1998; Paine et al. 1998). The 
picture might be further complicated by the presence of natural stressors, like flooding, 
which may interact with the anthropogenic stressors or simply obscure their impacts 
(Klok et al. 2007). As potential stressors are manifold and antagonistic or synergistic 
interactions between stressors are a rather common phenomenon, there is a strong 
need for a simultaneous analysis of the multiple stressors that may affect ecosystems 
(Breure et al. 2008; Darling and Cote 2008; Paine et al. 1998; Tockner et al. 2010b; 
Vinebrooke et al. 2004). Such an analysis would help to place the impacts of each 
stressor in a realistic perspective, which in turn can help to set priorities for 
management and rehabilitation (Loos et al. 2010; Tockner et al. 2010b).
1.2 Aim and scope
The central aim of this thesis is to improve the understanding of multiple stressor 
impacts on biota in floodplains, with the ultimate goal to enhance the knowledge 
required for protecting and rehabilitating the biological integrity of floodplains. Three 
specific groups of stressors were selected, one natural and two of anthropogenic origin, 
which are generally considered important in floodplain ecosystems: flooding, land use, 
and chemical pollution. Land use is commonly defined as ‘the arrangements, activities 
and inputs that people undertake to produce, change or maintain a certain land cover 
type’ (FAO 1998b). Here, land use was used as an overarching term for land cover 
change (e.g., the conversion of natural habitat to agricultural, industrial and urban land 
cover), management measures (for example drainage, mowing, grazing), and spatial 
planning (e.g., measures affecting the spatial configuration of different land cover types). 
Most of the research was conducted in the lowland floodplains along the three main 
distributaries of the Rhine River: the IJssel, the Nederrijn and the Waal (Fig. 1.1). The 
lowland Rhine River floodplains have a long history of land use (Lenders 2003) and 
received large loads of persistent contaminants, notably heavy metals, during the past 
century (Middelkoop 2000; Thonon 2006). To obtain a reference image of a pristine 
floodplain, relationships between flooding and biotic properties were studied also in a 
floodplain along the Ob River in Western Siberia (Fig. 2.1), where the influences of land 
use and pollution were virtually absent. Various biotic endpoints were included, 
encompassing different taxa and different levels of biological organisation (Table 1.1). In 
addition to the specific research questions pertaining to the individual chapters, the 
following question was formulated for the thesis as a whole:
What are the relative and combined influences o f flooding, land use and metal 
contamination on biota in lowland floodplains o f the Rhine River?
12
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1.3 Thesis outline
The influences of flooding, land use and metal contamination were studied separately or 
concomitantly for different groups of organisms in different floodplain areas (Table 1.1; 
Fig. 1.1). First, relationships between flooding and vegetation characteristics were 
investigated along the Ob River in Western Siberia, in order to obtain a reference image 
of a pristine floodplain (Chapter 2). Next, concomitant influences of flooding, metal 
contamination and land use were studied for plants and terrestrial arthropods in two 
lowland Rhine River floodplain areas. Data were collected in field surveys and analysed 
with multivariate statistical techniques (Chapters 3-5). The consequences of land use, in 
particular spatial planning, were studied in detail for a floodplain-specific bird, the 
corncrake (Crex crex), by relating its occurrence to various landscape structure 
characteristics of the lowland Rhine River floodplains (Chapter 6). Finally, potential 
effects of metal contamination on various vertebrate species were investigated by 
developing and parameterising a spatially explicit wildlife exposure model (Chapter 7). 
The findings of the separate chapters are discussed and integrated in the final chapter, 
which tackles the central research question and addresses implications relevant for 
floodplain management and rehabilitation (Chapter 8).
Table 1.1 Thesis contents
Organisms Level of 
organisation 
(attributes)
Study area
Flooding
Stressor a 
Pollution Land use
Chapter
Plants Communities
(composition,
richness)
Ob floodplain x 2
Plants Communities
(composition,
richness)
Nederrijn floodplain 
('Wolfswaard')
x x x 3
Arthropods Assemblages
(composition)
Waal floodplain 
('Ewijkse Plaat")
x x (x) 4
Arthropods Assemblages
(composition)
Nederrijn floodplain 
('Wolfswaard')
x x x 5
Birds Individuals
(presence/
absence)
IJssel, Nederrijn and 
Waal floodplains
(x) x 6
Birds,
mammals
Individuals
(growth,
reproduction)
Waal floodplain 
('Afferdensche en 
Deestsche Waarden')
(x) x (x) 7
a (x) denotes that direct impacts on the biotic endpoint of concern were not addressed, but that the specific 
stressor comprised a boundary condition within the analysis._________________________________________________________
1.4 Research framework
The research performed in the lowland Rhine River floodplains took place within the 
research program ‘Land-Ocean Interactions in the Coastal Zone' (LOICZ)’, which was 
financed by the Netherlands Organisation for Scientific Research (NWO). It was part of 
the project ‘Bio-geomorphological interactions within floodplains and their role in
13
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sediment transport and ecological transformation processes in the lower Rhine delta'; a 
collaboration of Radboud University Nijmegen (Department of Environmental Science) 
and Utrecht University (Department of Physical Geography). The study in the Ob 
floodplain was part of the project ‘Landscape ecology of Ob valley mires (LOVERS)’; a 
joint research project of Greifswald University (Institute of Botany), Tomsk University 
(Department of Botany, Department of Geography) and Utrecht University (Department 
of Physical Geography, Department of Environmental Sciences).
Fig. 1.1 : Locations of the study areas 'Afferdensche en Deestsche Waarden' (ADW), 'Ewijkse Plaat' 
(EP) and 'Wolfswaard' (WW).
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Abstract
Relationships between vegetation characteristics and eco-hydrological processes were assessed 
in a pristine mire in the valley of the Ob River (Western Siberia). Along a transect from the 
terrace scarp to the river, field data were collected on vegetation composition, peat stratigraphy, 
peat chemistry, hydrology and hydrochemistry. Based on floristic composition, eight vegetation 
communities were distinguished. Hydraulic head measurements were used to obtain an 
indication of groundwater flow directions. The water balance of the mire was calculated with a 
two-dimensional steady-state numerical groundwater model. Water types were defined based 
on cluster analysis of hydrochemical data. The results revealed that the dominant hydrological 
factor in the Ob mire is the discharge of groundwater, which supplies about threefold more 
water than net precipitation. Although the discharge flux decreases with increasing distance 
from the terrace scarp, high water levels and a ‘groundwater-like’ mire water composition were 
observed in the major part of the study site. Precipitation and river water play only a minor role. 
Despite dilution of discharging groundwater with rainwater, spatial differences in pH and solute 
concentrations of the surficial mire water were small and not reflected in the vegetation 
composition. Although small amounts of silt and clay were found in the peat in the proximity of 
the river, indicating the occurrence of river floods in former times, no river-flood zone could be 
recognised based on hydrochemical characteristics or vegetation composition. A comparison of 
the Ob mire with well-studied and near-natural mires in the Biebrza River valley (Poland) 
revealed substantial differences in both vegetation characteristics and the intensity and spatial 
pattern of eco-hydrological processes. Differences in the origin and ratios of water fluxes as well 
as a dissimilar land use history would seem to be key factors explaining the differences 
observed.
2.1 Introduction
Study of mires reveals close relationships between topography, hydrology, 
hydrochemistry and vegetation. In general, differences in the topographical and 
hydrological positions of mires give rise to different types of mire water, especially in 
terms of nutrient and calcium concentrations and acidity. This in turn largely 
determines the floristic composition and diversity of the vegetation of a mire 
(Kulczyñski 1949; Moore and Bellamy 1974; Sjörs 1950; Succow and Joosten 2001). 
Mires in river valleys exhibit distinct vegetation zones, both parallel and perpendicular 
to the river axis (Palczyñski 1984; Ratcliffe 1977), which have been shown to reflect 
different ratios in the supplies of groundwater, surface (river) water and precipitation 
(Oswit 1968; Wassen et al. 1992; Wassen and Joosten 1996; Wassen et al. 2002b). In the 
temperate zones of Europe and European Russia, North America and Eastern Asia 
(China, Japan), these mires have largely been drained for agriculture (Joosten and Clarke
2002). Hence, few studies have addressed the relationships between water flow, water 
chemistry and vegetation in pristine river valley mires (cf. Wassen et al. 1992; Wassen 
and Joosten 1996). In the sub-taiga zone of Western Siberia, vast complexes of largely 
undisturbed mires still prevail. The objective of this article is to describe the 
relationships between vegetation characteristics and eco-hydrological processes in a 
pristine mire in the Ob River valley, close to Tomsk. Such a descriptive study contributes 
to our understanding of the eco-hydrological functioning of mires, which in turn is 
highly relevant for the conservation or rehabilitation of these systems. Because a 
comparison with other mires might reveal general patterns, we compare our findings in 
the Ob mire with the characteristics of the well-studied, anthropogenically little affected
16
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mires in the Biebrza River valley in Poland (Wassen et al. 1992; Wassen and Joosten 
1996). Similarities and differences are discussed, and hypotheses are formulated for the 
differences observed.
2.2 Methods
2.2.1 Study area
The West-Siberian Plain is the largest peatland region of the world, with mires covering 
over 1,000,000 km2 (Smith et al. 2004; Tanneberger et al. 2003; Yefremov and 
Yefremova 2001). The plain is situated between the Ural Mountains to the west, the 
Yenisey River to the east and the Altai Mountains to the south. The south-eastern part of 
the West-Siberian Plain consists of an alluvial plain that slightly dips in a northwestern 
direction. Paleozoic rock was covered with layers of loam, silt and clay up to 250 m thick 
during the Mesozoic and Cenozoic. The area was never glaciated during the Quaternary 
(Franz 1973), but was dissected by fluvial erosion when the Ob River cut stepwise into 
the alluvial surface. The total width of the Ob valley reaches 30-60 km and includes four 
to five river terraces. The climate of the area is continental, with cold winters (mean 
January temperature: -19.6 oC) and warm summers (mean July temperature: 18.0 oC) 
(Evseeva 2001). Mean annual precipitation is 415 mm, 70% of which falls in the frost­
free period (May-September). The average snow cover is 60 cm during a period of 180 
days (Atlas of the USSR 1983); permafrost does not occur (Walter and Breckle 1994). 
The study site (56°30’N -  84°01’ E; Fig. 2.1) is located approximately 10 km south of 
Melnikovo, 50 km west of Tomsk and 250 km north of Novosibirsk, in the floodplain of 
the Ob River. Gyttja accumulation started in oxbow lakes from 9000 to 8000 BP; mire 
development began in 7000 BP (Blyakharchuk 2003; Lapshina 1987). The current 
surface of the mire, which is bordered by a steep terrace scarp to the west, slopes down 
over a width of approximately 3 km from the foot of the scarp (ca. 95.0 m a.s.l.) to the 
banks of the Sargatka River (ca. 91.5 m a.s.l.). The Sargatka River is a left-bank tributary 
of the Ob River, flowing between the study site and the levees of the Ob River and 
discharging superfluous mire water (Fig. 2.1). Spring mounds have formed along the 
steep scarp (Lapshina 1987). The western part of the study site contains open fen 
vegetation with sparse growth of shrubs and trees. In the central part, peat ridges of 
varying length and with a sparse tree cover of Pinus sylvestris, Betula pubescens and 
Picea obovata run parallel to the Ob River. The mire is forested in the vicinity of the Ob 
River. In large parts of the mire, the vegetation and root layer almost floats on a watery 
layer with little dead organic matter. The transition between this watery top layer and 
the deeper, denser peat cannot be defined clearly everywhere. The uplands are 
characterised by a mosaic of Betula pendula-Populus tremula forests and agricultural 
fields or pastures that are largely abandoned since the collapse of the collective farms. In 
earlier times, floods from the Ob River occasionally reached the terrace scarp (personal 
communication with residents, 2002). Since 1969, the Novosibirsk hydroelectric power 
plant reservoir, located 300 km upstream from the study area, has prevented flooding of 
the site (Lapshina 1987).
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Fig. 2.1 Location of the study area and sampling locations (0-9).
2.2.2 Data collection
For detailed study of the relationships between vegetation, hydrology and 
hydrochemistry, a transect (length: 3.2 km) was selected from the terrace scarp to the 
levee of the Sargatka tributary (Fig. 2.1), crossing the main variation in vegetation types. 
Along the transect, surface elevation was measured with a water-level device. To 
determine peat stratigraphy, we made 23 corings using a chamber peat corer (diameter: 
4.5 cm; length: 50 cm) in steps of 200 m (maximum). Field identification of peat and 
sediments followed Boden (1996), Stegmann et al. (2001) and Succow and Stegmann
(2001). The core from sampling location 1 (Fig. 2.1) was analysed for macrofossils 
following Michaelis (2002). Using a modified Braun-Blanquet scale (Wilmanns 1998), in 
July 2002 we recorded 105 vegetation relevés (25 m2; cf. Dierschke 1994) that were 
located within a radius of 25 m from the centres of the sampling locations (indicated as 
0-9 on Fig. 2.1). The nomenclature of the angiosperm species followed Rothmaler
(2002) and Krasnoborov (2000) (Salix rosmarinifolia); that of moss species was 
according to Frahm and Frey (1992). To estimate actual biomass production, we
18
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harvested the above-ground standing crop of vascular plants at the peak of the growing 
season (July 4-12) at sampling locations 0-5. Because representative biomass 
production samples could not be obtained from sites with substantial tree cover, the 
forested part of the mire was not sampled (sampling locations 6-9). For each biomass 
sample, three separate plots were selected of 0.16 m2 each; these were located within a 
radius of 10 m from the centres of the sampling locations. After removal of the dead 
parts, the above-ground vascular plant material was stored in polyethylene bags, dried 
for 48 h at 70 oC and weighed immediately after drying. Kjeldahl destruction (Allen 
1989) was carried out on the dried and homogenised plant material in order to 
determine the contents of nitrogen (N) (with an auto-analyser, AA), phosphorus (P) and 
potassium (K) (with the inductively coupled plasma technique, ICP).
Peat samples were collected from the vegetation relevé sites at a depth of 10-15 cm 
below the peat surface and stored in polyethylene bags at 5 oC. After 2-4 weeks, samples 
were dried first for 1-2 days under direct sunlight, followed by 12 h in an oven at 105 oC. 
After 20 weeks, samples were analysed for pH and CaCO3 content. pH was determined in 
rewetted samples in 0.01 M CaCh using WTW-pH 96 (Rowell 1997). CaCO3 content (%) 
was determined in ground samples with 10% HCl using a Scheibler-apparatus 
(Schlichting et al. 1995). Total carbon (C) and total N were measured by Dumas 
digestion with a C/N analyser (Elementar Vario-EL, Germany). Corg/N ratios were 
calculated after subtracting the inorganic C -  determined with the Scheibler device - 
from the total C.
Piezometers were placed at each of the sampling locations 1-9, with filters (length: 
30 cm) at depths of 0.5, 2 and -  if possible -  4 and 6 m below the mire surface. Between 
June 1 and August 25, 2002, eight sampling campaigns were carried out to measure 
piezometric heads and surficial mire water levels and to collect water samples. 
Piezometric heads and surficial mire water levels were measured relative to the mire 
surface and related to each other with the elevation data of the levelling survey. Water 
samples were taken from the piezometers, from the surficial mire water at all sampling 
locations and from the Ob River, using a hand pump connected to a polyethylene 
Erlenmeyer. Piezometers were emptied and allowed to refill with fresh groundwater 
once before sampling. Water samples were collected in polyethylene bottles (50 ml) that 
were filled to the brim to limit aeration. Electrical conductivity (EC) and pH were 
measured in the field using WTW-LF91 with an Ag/AgCl-electrode and WTW-pH96, 
respectively. HCO3 concentrations were determined within 24 h after sampling by 
acidimetric titration to pH 4.3 (Aquamerck Alkalinity field set; Merck, Germany). 
Samples were conserved by acidification to pH 1 and stored for a maximum of 15 weeks 
before being analysed for Ca, Fe, K, Mg, Mn, Na, Si and SO4 concentrations using the ICP 
technique and for concentrations of Cl, NH4, NO3 and PO4 using the AA. Net precipitation 
in the study area was estimated by measuring water level changes in open-water pans 
(diameter: 12 cm). Saturated hydraulic conductivity of the peat was determined by slug 
tests following the method of Hvorslev (Domenico and Schwartz 1998).
2.2.3 Data processing
Plant communities were classified by ordination of the relevés into non-hierarchical 
species groups based on resemblances and dissimilarities in floristic composition and 
dominance of species (Koska et al. 2001); these were then named on the basis of two or 
three characteristic species. Nutrient limitation was determined by calculating N:P, N:K 
and K:P ratios in the above-ground biomass of vascular plants (Olde Venterink et al.
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2003). Peat and water chemical data of locations characterised by the same floristic 
vegetation type were combined, and mean values were calculated.
Surficial mire water level measurements and piezometric heads were used to reveal 
water flow directions in the mire. To determine the water balance of the mire, we 
constructed a two-dimensional steady-state numerical groundwater model (cell size: 20 
m) with the MODFLOW code (Harbaugh et al. 2000). The groundwater body in the 
terrace plateau was simulated as a constant head boundary at a distance of 700 m from 
the scarp using estimates of the phreatic water level in a small pond in the plateau to 
determine the head level. At the eastern model border, the Sargatka River was simulated 
by applying a constant head of 89.2 m a.s.l. in accordance with the water level recorded 
during the surface levelling measurements. Precipitation data from a nearby climate 
station (2001-2002) and evapotranspiration rates calculated according to the Penman- 
Monteith model were used to determine net precipitation input. The model includes a 
sand layer (Kh = 25 m d -1; Kv = 10 m d -1) overlain by a clay-loam layer (Kh = Kv = 0.1 
m d -1), a peat layer (Kh = 2 m d -1; Kv = 1 m d -1), a root zone layer (Kh = 100 m d -1; Kv = 
50 m d -1) and, on top, an air layer with high conductivity (Kh = Kv = 50,000 m d -1). For 
the terrace plateau, conductivity values of Kh = 10 m d -1 and Kv = 5 m d -1 were assumed. 
The model was calibrated on piezometric heads and surficial mire water levels. Based on 
the model calibration, the hydraulic conductivity of the peat layer was set slightly higher 
than the mean value measured in the field (i.e., K = 0.695 (±0.96) m • d-1; n = 6).
Reliability of the hydrochemical data was tested by charge balance calculations. 
Deviations from electro-neutrality were within 10% for 92% of the water samples, 
indicating that the reliability of the data is sufficient to explore differences between 
main water types (cf. Schot and Van der Wal 1992). Water types were distinguished by 
agglomerative hierarchical clustering of the water samples using the between-groups 
linkage method as clustering algorithm with the Euclidian distance as measure for 
similarity (SPSS 14.0). Since pH was measured less frequently than the other 
hydrochemical variables, this variable was discarded. Clustering was thus based on Ca, 
Cl, EC, Fe, HCO3, K, Mg, Mn, Na, NH4, NO3, PO4, Si and SO4.
2.3 Results
2.3.1 Peat stratigraphy
The cores revealed that the peat body (thickness: 3.5-7.5 m) is underlain by a gyttja 
(thickness: 0.5-3.0 m) over an undulating layer of silt and clay (Fig. 2.2). In the western 
part of the transect (0-1500 m from the scarp) loose, calcareous and slightly 
decomposed brownmoss peats predominantly formed of Drepanocladus aduncus prevail. 
These brownmoss peats alternate with radicel peat, i.e., peat predominantly formed of 
sedge rootlets. Silt deposits with a thickness of up to 1.5 m and thin silt layers 
intersecting the peat were found near the scarp. In the eastern part of the transect 
(1500-2800 m from the scarp), brownmoss peats are nearly absent and radicel peats 
with some wood remains predominate. Wood peats were exclusively found at depths of 
0.5-1.5 m in a narrow belt of approximately 250 m adjacent to the river. Radicel peats 
with living roots and rhizomes form the uppermost part of the peat layer, also at the 
peat ridges in the central part of the mire. Small amounts of silt and clay were found in 
the peat in the proximity of the river.
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Fig. 2.2 Stratigraphy of the Ob mire transect.
2.3.2 Vegetation characteristics and peat chemistry
Eight vegetation communities were distinguished (Table 2.1). The species-poor 
community, denoted community A (the Phragmites australis - Angelica archangelica 
community), is dominated by P. australis and lacks many species common to all other 
vegetation communities. It is located close to the terrace scarp. Community B (the Betula 
pubescens - Menyanthes trifoliate - Parnassia palustris community) has a well-developed 
B. pubescens layer similar to communities F, G and H, but is distinguished by the 
presence of P. australis. Communities C, D and E consist of open vegetation with 
abundant sedges (e.g. Carex lasiocarpa, C. rostrata), Menyanthes trifoliata and a closed­
cover brownmoss layer (mainly Drepanocladus aduncus). Communities C and E also 
contain dwarf shrubs (e.g. Betula humilis). In addition, community C (Carex lasiocarpa - 
Betula humilis community) contains Salix rosmarinifolia, whereas in community E (Carex 
appropinquata - Typha latifolia community) T. latifolia occurs at a high constancy. 
Community D (Carex lasiocarpa - Parnassia palustris community) contains some Pinus 
sylvestris. The communities in the eastern part of the study site (communities F, G and 
H) have a well-developed tree layer (Betula pubescens, Pinus sylvestris). Community F 
(Betula pubescens - Menyanthes trifoliate - Pinus sylvestris community) is distinguished 
by the absence of Carex lasiocarpa. Whereas Pinus sylvestris and Menyanthes trifoliata 
are common in communities F and G (Pinus sylvestris - Carex appropinquata - 
Calamagrostis stricta community), they do not occur with high abundance in community 
H (Betula pubescens - Salix pentandra community).
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Table 2.1 Vegetation community characteristics of the Ob mire.
General a
Zonation marginal mire open mire forested mire
Sampling location 0 1 2 3 4 5 6 7 8 9
Distance from scarp (m) 
Vegetation b
0 1 0 0 440 940 960 1 2 2 0 1610 2040 2490 2850
Vegetation community 
Mean total number
A B C D E F G H
of species 18 30 2 2 16 16 32 40 23
Mean number of 
vascular plants 16 2 1 1 2 1 2 1 1 2 0 2 1 1 2
Mean tree cover (% ) 0 1 0 1 0.5 0 30 34 13
Number of relevés 5 14 18 16 1 0 1 0 18 14
Biomass production 
(g-m-2)
Nutrient limitation:
718 ± 180 (3) 322 ± 79 (6 ) 361 ± 146 (4) 402 ± 71 (8 ) 530 ± 211 (3) nd nd nd
% P-limited 
Species c
33 (3) 0  (6 ) 75 (4) 50 (8 ) 67 (3) nd nd nd
Phragmites australis V/4 III/ 2 a - - - - I/1 -
Angelica archangelica V/2b - - - - - - -
Carex lasiocarpa - V/2 a V/2 a V/2 a III/ 2 a I/+ III/1 1I/I
Carex rostrata II/+ IV/1 IV/2 a V/2b V/2 a V/2b II/+ -
Menyanthes trifo lia ta - V/3 V/2 a V/3 IV/2b V/2 a V/2b -
Betula pubescens - V/2 a III/1 II/+ I/+ IV/2 a V/2a V/2a
Betuia hum ilis - III/+ V/2b II I/1 III/ 2 a V/2 a IV/1 -
Drepanoc/adus aduncus I/+ 1I/I IV/2 a II I/1 V/2 a 1I/I II/1 II/+
Parnassia palustris - IV/+ IV/+ III/+ II/+ III/+ II/+ -
Typha la tifo lia - - - - V/3 - - -
Pinus sylvestris - - - I/+ - V/2b V/2b III/+
Carex cespitosa V/2b I/+ - - - IV/2 a IV/2a III/2a
Saiix rosm arinifolia - - 1I - II/+ IV/2a IV/2a V/2b
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Table 2.1 (continued) Vegetation community characteristics of the Ob mire.
General a
Zonation marginal mire open mire forested mire
Sampling location 0 
Distance from scarp (m) 0
1
1 0 0
2
440
3 4 
940 960
5
1 2 2 0
6
1610
7 8  
2040 2490
9
2850
Peat chemistry d
pH 7.2 ± 0.13 7.2 ± 0.21 7.0 ± 0.15 6 . 8  ± 0.27 7.0 ± 0.14 6.5 ± 0.23 6 . 8  ± 0.23 6.7 ± 0.15
(5) (14) (18) (18) ( 1 0 ) (14) (18) (14)
CaCO3 content (% ) 4.7 ± 5.52 19.1 ± 10.80 8.4 ± 5.35 3.0 ± 3.00 3.4 ± 2.74 0.4 ± 0.42 0 . 8  ± 1.18 1.0 ± 2.25
(5) (14) (18) (18) ( 1 0 ) (14) (18) (14)
Corg/N ratio 13.6± 0.83 18.5 ± 2.38 20.3 ± 2.25 20.2 ± 3.92 21.6 ± 3.74 19.2 ± 2.58 21.0 ± 4.34 26.8 ± 5.35
(5) (14) (18) (18) ( 1 0 ) (14) (18) (14)
Surficial mire water chemistry e
HCO3 (mgT1) 480 ± 49 411 ± 51 380 ± 62 374 ± 69 364 ± 50 385 ± 77 457 ± 80 449 ± 8 6
Ca (m gT1)
(3) (15) (18) (15) ( 1 0 ) (8 ) (16) (6 )
113.0 ± 11.9 97.6 ± 13.4 82.3 ± 9.0 78.8 ± 9.0 76.2 ± 9.6 88.2 ± 5.6 105.0 ± 9.9 103.0 ± 9.3
Fe (m gT1)
(3) (15) (18) (15) ( 1 0 ) (8 ) (17) (6 )
12.40 ± 15.80 2 . 6 6  ± 2.06 4.58 ± 2.64 5.18 ± 3.58 1 0 . 0 0  ± 12.60 11.50 ± 6.09 6.69 ± 4.28 2.28 ± 0.97
PO4 (mgT1)
(3) (15) (17) (15) ( 1 0 ) (8 ) (17) (6 )
3.78 ± 4.10 1.31 ± 0.89 2.44 ± 1.36 2.31 ± 1.34 2.94 ± 3.02 1.28 ± 0.80 0.93 ± 0.52 0.67 ± 0.27
(3) (15) (17) (15) ( 1 0 ) (8 ) (17) (6 )
a Mean values ± standard deviation are given. Numbers between brackets indicate number of samples. nd = not determined.
b Mean total number of species and mean number of vascular plants were based on relevés made in July 2002 in homogeneous areas of 25 m2 (Dierschke 1994). 
Biomass production was measured by calculating the dry weight of the total standing above-ground living biomass of vascular plants (harvested in the period July 4th - 
12th 2002) after drying at 70oC for 48 hours. N, P and K were extracted using a Kjeldahl digestion; nutrient limitation was determined by calculating the N:P, N:K and 
K:P ratios in vascular plants using critical ratios (Olde Venterink et al. 2003).
c A selection of characteristic species is given. Codes represent consistency class and mean cover. Consistency class: species present in I = 1-20%, I I  = 21-40%, I I I  = 
41-60%, IV=61-80%, V=81-100% of the relevés (modified after Dierschke 1994); mean cover (number of plants): r =<5% (1), + = <5% (2-5), 1=<5% (6-50),
2m= <5% (>50), 2a=5-15%, 2b=16-25%, 3=26-50%, 4=51-75%, 5=>76% (modified Braun-Blanquet scale, Wilmanns 1998).
d Peat samples were collected in July 2002 at a depth of 10-15 cm below peat surface, stored in sealed polyethylene bags at 5°C for 2-4 weeks and dried for 1-2 days 
under direct sunlight followed by 12 hours in a drying oven at 105°C. pH was determined after Rowell (1997) in rewetted samples in 0.01 M CaCl2 using WTW-pH96. 
CaCO3 content (% ) was determined in ground samples with 10% HCl with a Scheibler-apparatus (Schlichting et al. 1995). Total carbon (C) and total N were measured 
by Dumas digestion with a C/N-analyser (Element vario EL). Corg/N ratios were calculated after subtracting the inorganic carbon, determined with the Scheibler- 
device, from the total carbon.
e Surficial mire water was sampled in the period July 4th -12th 2002. HCO3 was determined in the field with an Aquamerck Alkalinity field set; Ca and Fe were 
determined with ICP; PO4 was determined with AA.
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Species richness is highest in communities B, F and G. Community B combines a high 
number of species with a low productivity, while communities C, D and E show 
predominantly P-limitation (Table 2.1). The peat chemical data (Table 2.1) reveal that 
the pH is slightly higher near the scarp (communities A and B) and in the open sedge 
communities (communities C, D and E) than in the forested communities (communities 
F, G and H). The carbonate content of the peat is also high near the scarp, decreasing 
from 19.1% (community B) to 1.0% near the river (community H). The Corg/N ratio is 
lowest near the scarp (13.6), varies between 20.2 and 21.0 in the open sedge vegetation 
and is highest close to the riverbank (26.8 in community H).
2.3.3 Hydrology and hydrochemistry
High surficial mire water levels were observed in May, probably as a result of snow melt 
during the spring. Water levels declined during the summer but remained on average 
above the mire surface (Table 2.2). Water level fluctuations observed during the 
summer could be related to precipitation (Fig. 2.3). The MODFLOW simulations 
indicated that precipitation is, however, a minor component in the water balance of the 
mire, as the amount of net precipitation is a factor of 3 smaller than the amount of 
groundwater supply. MODFLOW results showed that the influx of groundwater from the 
upland is most manifest near the terrace scarp and decreases gradually in the eastward 
direction (Fig. 2.4a). The simulations revealed two zones where net groundwater fluxes 
are directed downward (Fig. 2.4a): in the central part of the mire at sampling locations 5 
and 6 and in a zone bordering the Sargatka River (location 9). For sampling locations 3 
and 4, model simulations yielded a net water flux of approximately 0 (Fig. 2.4a). The 
model results are in good agreement with the field observations, as the equipotential 
lines also indicate upward groundwater flow close to the scarp, infiltration at sampling 
locations 5 and 9 and stagnation of groundwater flow at sampling locations 3 and 4, 
where a local minimum in hydraulic heads was found (Fig. 2.4b).
Analysis of the water samples revealed that spatial patterns in water composition 
were more distinct than temporal fluctuations. Cluster analysis resulted in the 
distinction of three water types (Table 2.3). One type comprises exclusively samples 
from the Ob River; the two other types comprise exclusively mire water samples. The Ob 
River is characterised by low concentrations of solutes and a relatively high pH. The 
mire water types 1 and 2 are characterised by a typical groundwater composition, with 
high concentrations of HCO3 and Ca. In comparison to type 1, type 2 contains higher 
amounts of HCO3, Cl, Na and Si. This type is found exclusively at sampling locations 3, 4 
and 5 (Fig. 2.4c).
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Table 2.2 Water levels and hydraulic heads in the Ob mire.
General a
Zonation marginal mire open mire forested mire
Sampling 
location 
Distance from
scarp (m)
0  1  
0  1 0 0
2
440
3
940
4
960
5
1 2 2 0
6
1610
7
2040
8
2490
9
2850
Water levels b
Surficial mire 
water (cm)
- 3.2 
(-0.5; 6.5)
54.0
(46.5;59.5)
17.5
(14.5;20.0)
23.2
(19.0;27.5)
53.6
(47.0;58.5)
5.7
(0.0;14.5)
9.8
(0.0;21.5)
9.2
(0.0;18.0)
37.9
(29.0;45.0)
Hydraulic heads
Surficial mire 
water (m)
c
- 92.63 
(92.59;92.66)
92.63
(92.56;92.69)
92.24
(92.21;92.26)
92.29
(92.25;92.34)
92.51
(92.45;92.56)
92.05
(91.99;92.14)
91.58
(91.48;91.70)
90.75
(90.66;90.84)
90.97
(90.88;91.04)
2 m
piezometer (m)
- 92.63 
(92.58;92.65)
92.63
(92.59;92.69)
92.24
(92.21;92.27)
92.30
(92.27;92.34)
92.52
(92.44;92.56)
92.02
(91.98;92.08)
91.60
(91.54;91.69)
90.76
(90.66;90.85)
90.97
(90.88;91.05)
4m
piezometer (m)
- 92.63 
(92.59;92.66)
92.65
(92.61;92.70)
92.24
(92.21;92.26)
92.29
(92.26;92.33)
92.51
(92.48;92.56)
92.06
(92.00;92.11)
91.59
(91.53;91.69)
90.78
(90.68;90.86)
-
6 m
piezometer (m)
- - 92.70
(92.64;92.77)
- - - - - - -
a Measurements were conducted in the period June 1st -  October 29th 2002.
b Surficial mire water levels are expressed as mean (min;max) in cm relative to the mire surface. A negative sign indicates levels below the surface. 
c Hydraulic heads are expressed as mean (min;max) in m a.s.l.
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Fig. 2.3 Net precipitation (mm-d 1) and levels of surficial mire water (cm). Water levels are averaged 
for all sampling locations and related to the levels measured on August 25th 2002.
Table 2.3 Chemical characteristics of water types.
Chemical Water types a
characteristics 1 2 Ob
EC (^Sxm-1) 660 ± 84 901 ± 71 232 ± 78
pH 7.0 ± 0.4 6.9 ± 0.3 8.1 ± 0.9
HCO3 (mgT1) 450.3 ± 75.6 580.9 ± 94.6 131.2 ± 10.6
Ca (m gT1) 96.74 ± 15.43 105.96 ± 11.62 26.71 ± 2.55
Cl (mgT1) 1.12 ± 0.97 5.90 ± 2.33 2.37 ± 0.59
Fe (mgT1) 5.50 ± 4.93 4.03 ± 4.02 0.36 ± 0.27
K (mgT1) 1.44 ± 1.05 1.70 ± 0.59 1.24 ± 0.28
Mg (mgT1) 19.54 ± 3.87 20.07 ± 2.19 4.61 ± 0.65
Mn (mgT1) 0.78 ± 0.56 0.45 ± 0.18 0.04 ± 0.01
Na (mgT1) 8.45 ± 3.76 45.05 ± 20.24 4.76 ± 1.02
NH4 (mgT1) 1.09 ± 1.46 1.79 ± 1.21 0.26 ± 0.14
NO3 (mgT1) 1.06 ± 0.51 0.91 ± 0.70 1.77 ± 0.17
PO4 (mgT1) 0.80 ± 1 . 0 0 0.63 ± 0.79 0.18 ± 0.04
Si (mgT1) 9.76 ± 2.76 15.18 ± 2.97 2.64 ± 0.43
SO4 (mgT1) 0.02 ± 0.07 0 . 0 0  ± 0 . 0 2 6.82 ± 0.77
a Mean values ± standard deviations are given. Values are derived 
from water samples collected in the period June 1st -  August 25th 
2002. EC, pH and HCO3 were determined in the field using WTW-LF91, 
WTW-pH96 and an Aquamerck Alkalinity field set, respectively. 
Concentrations of Ca, Fe, K, Mg, Mn, Na, Si and SO4 were determined 
with ICP; Cl, NH4, NO3 and PO4 were determined with AA. Number of 
observations for water types 1, 2, and Ob is 150, 49, and 4, 
respectively, except for pH (94, 31, and 3, respectively).
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mire zone open mire zone forested mire zone vegetation zone
I__________ I____________________________________________________ I_____________________________________________________________________________ I
1 2 3  3 4 5  6 7 7 8 vegetation type
I___I___________ I___________________U__________ I______________ I________________I_________________ I____________ I__________ I
0 1 2  3 4 5  6 7 8 9 sampling location
a) Water flux into root layer (mm.d~1) based on MODFLOW calculations
b) Equipotential lines based on measured hydraulic heads
Fig. 2.4 Groundwater flow patterns and hydrochemistry of the Ob mire transect. a Positive values 
represent an upward flux, b equipotential lines are based on hydraulic heads averaged for the period 
June 1-October 29, 2002 (see Table 2.2), c for chemical characteristics of the water types, see Table
2.3.
2.4 Discussion
2.4.1 Palaeo-ecology and palaeo-hydrology
Macrofossil analysis and peat stratigraphy (Fig. 2.2) indicate that mire development 
started with the deposition of silt and gyttja in a sub-neutral, carbonate-rich lake. The 
lake rapidly terrestrialised and changed into a wet, sedge-dominated mire. Brownmoss
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peats in the western part of the mire, which contain remains of Drepanocladus aduncus, 
indicate a dominant influence of discharging groundwater (cf. Michaelis and Joosten 
2002) and constantly wet conditions (Slobodda 1979). The influence of groundwater is 
also demonstrated by the presence of carbonate in the peat throughout the mire. Silt 
layers between peat layers close to the scarp (Fig. 2.2) indicate periodical influxes from 
upland soil material, probably transported by overland flow and subsequently buried by 
new layers of peat. River flooding has led to the deposition of some of silt and clay in the 
peat in a zone bordering the river. However, the amounts of clastic material are rather 
small, probably due to the small sediment load of the river. In general, plant macrofossils 
and peat stratigraphy compare well with the present vegetation composition, indicating 
long-term stable site conditions during peat formation. Peat deposits in the western part 
of the mire consist mainly of brownmoss peats, whereas radicel peats prevail in the 
eastern part of the mire. The peat underlying the forested eastern part of the study site, 
however, almost lacks wood peat, indicating that the establishment of a closed forest is a 
recent phenomenon.
2.4.2 Relations between hydrology, chemistry and vegetation
The chemical and vegetation characteristics of the study site can largely be explained by 
hydrological processes. Despite a large flux of discharging groundwater close to the 
terrace scarp, the steep slope of the ‘marginal mire zone' leads to relatively dry 
conditions (Table 2.2). This results in higher mineralisation rates and more eutrophic 
conditions (Grootjans et al. 1985), as illustrated by the Corg/N ratios at sampling 
locations 0 and 1 being slightly lower than those at the other locations (Table 2.1). The 
eutrophic and relatively dry conditions give rise to the development of highly 
productive, species-poor vegetation dominated by Phragmites australis at sampling 
location 0 and to a high abundance of Betula pubescens at sampling location 1. In the 
‘open mire zone’, permanent inundation of the mire surface (Table 2.2) facilitates the 
presence of sedges and Menyanthes trifoliata and prevents the establishment of trees 
and shrubs, as the latter require (at least periodically) water levels below the surface 
(Moore and Bellamy 1974; Wassen et al. 1992). The high water levels can be ascribed to 
a large groundwater flux combined with a gentle slope of the mire surface and 
obstruction of surficial mire water flow by the peat ridges, which run parallel to the Ob 
River between locations 5 and 6. The obstruction and stagnation of water flow are 
illustrated by the high iron concentrations of the surficial mire water at locations 5 and 6 
(Table 2.1) as a result of Fe2+ oxidation and the precipitation of iron compounds. Flow 
stagnation may also be an explanation for the presence of a distinct mire water type at 
locations 3-5 (Fig. 2.4c), as the high concentrations of HCO3, Cl, Na and Si might result 
from evaporation of the stagnating water. In previous research, an average 
concentration factor of 6.1 has been calculated for open water evaporation (Schot and 
Van der Wal 1992; Schot and Wassen 1993), which agrees well with the differences in 
Na and Cl concentrations between the mire water types 1 and 2 (Table 2.3). Water type
2 was not found at the mire surface, indicating dilution by rainwater. As a consequence 
of the diminishing groundwater discharge flux with increasing distance from the scarp 
(Fig. 2.4a), the influence of rainwater increases in the eastward direction, as is 
illustrated by the HCO3 and Ca concentrations in the surficial mire water slightly 
decreasing from sampling location 2 to location 5 (Table 2.1). This is, however, not 
reflected in changing vegetation characteristics.
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In the ‘forested mire zone’, the steeper slope of the mire surface and the proximity of 
the Sargatka River cause draining conditions. This is indicated by the equipotential lines, 
which reveal a predominantly eastward groundwater flow direction in this part of the 
mire (Fig. 2.4b), and illustrated by a surficial mire water flow velocity of approximately 
0.013 m d-1 in the direction of the Sargatka River (incidental measurement with 
coloured tracer; June 2002). The draining conditions prevent constant inundation of the 
mire surface at sampling locations 6, 7 and 8, illustrated by the lower levels of surficial 
mire water (Table 2.2), and enable trees and shrubs to establish in this zone. Lower PO4 
concentrations in the surficial mire water of locations 7, 8 and 9 (Table 2.1) may indicate 
P-fixation by Ca- and Fe-complexes at more aerobic conditions (Boyer and Wheeler 
1989). Due to aeration and root respiration, the surficial mire water becomes enriched 
in CO2, resulting in the formation of carbonic acid (Schot and Wassen 1993). This may 
cause dissolution of calcium carbonate in the underlying peat, which is illustrated by the 
pH and CaCO3 content of the peat being lower in the ‘forested mire zone’ than in the 
‘open mire zone’. The enrichment in HCO3 and Ca in the surficial mire water at sampling 
locations 7, 8 and 9 (Table 2.1) could result from the same process. Differences in peat 
and surficial mire water chemistry are, however, small and not reflected in vegetation 
characteristics.
2.4.3 Comparison with Biebrza mires
In the mires in the Biebrza River valley (Poland; 53o30’ -  53o75’N, 22o 30’ -  23o60’ 
E), a gradient in surficial mire water chemistry is observed from the valley edge to the 
river, from a groundwater type via a rainwater type to a river water type (Wassen et al. 
1992). This gradient in water chemistry corresponds to a distinct vegetation zonation 
with respectively rich fen dominated by sedges and brownmosses, transitional fen with 
Sphagnum spp., Betula spp. and other species indicating acid nutrient-poor conditions 
and, finally, a high-productive, species-poor vegetation of tall growing sedges and 
grasses in a zone that is inundated by river water in spring (Wassen et al. 1992; Wassen 
et al. 2002a). Contrastingly, in the major part of the Ob mire a ‘groundwater-like’ mire 
water composition is observed (Fig. 2.4c, Table 2.3). The mire lacks both a fen fed by 
river water and a transitional fen, where the influence of rainwater is reflected in 
vegetation characteristics.
The absence of a distinct river-flood zone in the Ob mire, despite apparent flooding 
in former years, might be explained by river characteristics (infrequent and/or short 
lasting floods) or limited infiltration of river water during flood events due to saturation 
of the peat with groundwater. Furthermore, pH and nutrient concentrations do not 
differ greatly between the water of the Ob River and that of the mire (Table 2.3), so even 
if prolonged infiltration of river water would occur, this would not necessarily result in 
changes in vegetation composition. The absence of significant rainwater lenses and 
corresponding transitional fen vegetation in the Ob mire -  despite net precipitation 
amounts comparable to those of the Biebrza area -  can be ascribed to the larger amount 
of groundwater discharging into the mire. In the Biebrza mires, the groundwater flux is 
generally less than 0.001 m d -1 at the valley edge (Mioduszewski and Querner 2002), 
whereas our groundwater modelling results indicate a much larger groundwater flux to 
the Ob mire (Fig. 2.4a). This can be attributed to differences in catchment properties, 
such as the size of the connected groundwater recharge area, relief and the position of 
aquifers and aquitards. Peat stratigraphy data of the Biebrza mires, however, indicate 
that rainwater lenses and transitional fen vegetation have evolved only recently, as
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sphagnum peat occurs merely locally and with a thickness of up to 20 cm only (Wassen 
and Joosten 1996). Radicel and brownmoss peats also prevail in the Biebrza mires, 
indicating that conditions during peat formation were similar in both areas. The recent 
evolvement of rainwater lenses in the Biebrza mires might be associated with 
anthropogenic influences (Wassen and Joosten 1996), including deepening of the 
riverbed, upstream dam construction, and increased groundwater extraction.
An alternative explanation could be the degree of human use. The uppermost part of 
the peat in the Biebrza mires is more compact than the loosely structured peat in the Ob 
mire, possibly as a result of almost 1000 years of low intensity exploitation of the 
former, such as mowing and grazing. More compact, less permeable peat facilitates the 
formation of rainwater lenses (Schot et al. 2004) and leads to stronger water level 
fluctuations. As long as hay making and grazing were practised in the Biebrza mires, the 
formation of rainwater lenses was probably prevented as tread regularly brought the 
surface in contact with buffering groundwater (cf. Palczyñski 1985; Segal 1966), which 
is close to the surface, especially in summer (Wassen and Joosten 1996). Furthermore, 
the regular biomass removal prevented the establishment of trees and shrubs that 
would result from the stronger fluctuating water levels. After the cessation of mowing 
(Okruszko 1990; Palczyñski 1985), the formation of rainwater lenses and massive tree 
and shrub encroachment took place in the naturally open Biebrza mires, possibly as a 
result of this compacted peat surface, even in areas where the hydrological conditions 
were unchanged (Joosten and Clarke 2002).
In summary, substantial differences in both vegetation characteristics and the 
intensity and spatial pattern of eco-hydrological processes are present between the Ob 
mire and the near-natural mires along the Biebrza River. Differences in the origin and 
ratios of water fluxes as well as the dissimilar land use history seem to be key factors for 
explaining these differences observed.
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Abstract
Using canonical correspondence analysis (CCA), we investigated relationships between plant 
species composition and flooding characteristics, heavy metal contamination and soil properties 
in a lowland floodplain of the Rhine River. Floodplain elevation and yearly average flooding 
duration turned out to be more important for explaining variation in plant species composition 
than soil heavy metal contamination. Nevertheless, plant species richness and diversity showed 
a significant decrease with the level of contamination. As single heavy metal concentrations 
seemed mostly too low for causing phytotoxic effects in plants, this trend is possibly explained 
by combined effects of multiple contaminants or by the concomitant influences of contamination 
and non-chemical stressors like flooding. These results suggest that impacts of soil 
contamination on plants in floodplains could be larger than expected from mere soil 
concentrations. In general, these findings emphasise the relevance of analysing effects of toxic 
substances in concert with the effects of other relevant stressors.
3.1 Introduction
During the past century, large amounts of sediment-bound heavy metals have been 
deposited on the lowland floodplains of the Rhine River (Middelkoop 2000). As a result, 
heavy metal concentrations in the floodplain soils commonly exceed environmental 
quality standards, indicating potential toxicological risks for the organisms in these 
floodplains (Leuven et al. 2005). Although effects for invertebrate fauna seem mostly 
limited (De Jonge et al. 1999; Hobbelen et al. 2006; Ma 2004; Notten et al. 2005; 
Schipper et al. 2010; Schipper et al. 2008b), several studies indicate that contamination 
levels could indeed be high enough to induce adverse effects in vertebrates, including 
protected top predator species (Kooistra et al. 2001; Schipper et al. 2008a; Van den 
Brink et al. 2003; Wijnhoven et al. 2006a). Whereas potential impacts of the 
contamination on animals have been extensively investigated, however, little attention 
has been paid to plants. Plants may be very sensitive to surpluses of particular trace 
elements, with certain sensitive species showing signs of toxicity at relatively low heavy 
metal concentrations (Balsberg-Pâhlsson 1989; Kabata-Pendias and Pendias 2001). This 
suggests that potential impacts of heavy metal contamination on the plant communities 
in the lowland Rhine River floodplains are not unlikely.
In general, potential effects of toxicants on biota are difficult to verify under field 
conditions (Chapman et al. 2002; Klok and Kraak 2008). Obviously, under field 
conditions a wide variety of abiotic factors (e.g., physical-chemical conditions) and 
biotic processes (e.g., competition) jointly determine the presence and abundance of 
species (Ter Braak 1987). Hence, the absence of species from contaminated sites does 
not necessarily reflect exclusion due to toxicity (Chapman et al. 2002). This implies that 
a simultaneous analysis of all relevant environmental factors is needed both to 
distinguish potential effects of soil contamination from the influences of other factors 
and to place the effects of contamination in a realistic perspective (Loos et al. 2010; Van 
Straalen 2003; Van Straalen and Van Gestel 2008).
For plants in floodplains, periodical flooding is generally considered an 
environmental factor of major importance (Huber et al. 2009; Van de Steeg and Blom 
1998; Van Eck et al. 2004; Voesenek et al. 2004). Flooding fills the soil pores with water, 
which results in strongly reduced oxygen availability for the plant roots. This generates 
major stress particularly for plants without specific traits to withstand these conditions
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and could thus limit their distribution (Banach et al. 2009). In addition to this direct 
impact, flooding exerts indirect influences on plant species distribution, as it affects soil 
characteristics like soil pH and nutrient status (Beumer et al. 2008). Considering the 
importance of these direct and indirect influences of flooding on plant species 
distribution, flooding effects should be accounted for when analysing potential impacts 
of pollution on plant communities in floodplains.
The present study aims to assess relationships between plant communities and soil 
heavy metal contamination in a lowland floodplain, while accounting for the concurrent 
influences of flooding and soil properties. Data were collected from 25 sites covering a 
range of site conditions in a moderately contaminated lowland floodplain along the 
Nederrijn River, which is one of the main Rhine River distributaries in the Netherlands. 
Canonical correspondence analysis (CCA) was used to relate plant species composition 
to the environmental factors investigated. Such a multivariate exploratory approach is 
considered particularly suitable to distinguish effects of contamination from possible 
influences of other environmental variables (Van Straalen and Van Gestel 2008).
3.2 Methods
3.2.1 Study area
The ‘Wolfswaard’ floodplain area (51°57’19’ N; 5o39’30’ E) is located south of the city of 
Wageningen along the Nederrijn River (Fig. 1.1). The main part of the area is covered by 
semi-natural grasslands and meadows in use for cattle grazing. A small part of the 
grassland area is slightly elevated and surrounded by a hedgerow. This area contains 
some scattered fruit trees and is used for sheep grazing. The banks of the river are 
covered by willow pollards. In addition to the major embankment that protects the 
hinterland from flooding, there is a minor embankment parallel to the river at a distance 
of approximately 200 m from the middle of the channel. Sampling sites (n=25) 
comprised a sub-set of sampling locations originally selected for another study 
(Schipper et al. 2010). The sites were distributed among the unembanked area (n=11), 
the embanked area (n=7) and the sheep pasture area (n=7) (Fig. 3.1) and were thus 
expected to cover a range in conditions with respect to contamination levels, soil 
properties and flooding duration. The coordinates of the sampling sites were recorded 
with a hand-held GPS with an accuracy of 1 m (Garmin Vista HCx with European 
Geostationary Navigation Overlay Service).
3.2.2 Hydro-topographic setting and flooding duration
The position of each sampling site relative to the river channel was determined by 
calculating the Euclidian distance (m) to the middle of the channel in a geographic 
information system (GIS; ArcMap 9.2). The elevation of each sampling site was obtained 
from the Netherlands’ 5x5 m digital elevation model (www.ahn.nl). The mean yearly 
flooding duration (days per year) was derived from daily river water level data from 
1999-2008 (www.waterbase.nl). River water levels at the study area were based on 
measurements obtained at a gauging station approximately 10 km upstream, assuming a 
mean water level drop of 3.8 cmkm-1. This water level drop was calculated by linear 
interpolation of the mean water levels measured at the upstream gauging station and at 
a gauging station approximately 20 km downstream. The unembanked sampling sites
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and the sites higher than the minor embankment were assigned the duration of river 
water levels exceeding their elevation; the embanked sites were assigned the duration of 
water levels exceeding the height of the embankment (9.10 m).
x sheep pasture site ------embankment rxx>a building
a  embanked site ====== road | | river
♦ unembanked site
Fig. 3.1 Sampling sites in the 'Wolfswaard' floodplain.
3.2.3 Soil properties
The top soil layer (0-5 cm) was sampled in August 2007. Within a radius of 1 m from the 
centre of each site, three soil samples were collected. The samples were pooled per site, 
mixed, and air-dried for 48 h at ambient room temperature. The pH was measured in a 
suspension of 10 g air-dried soil in 25 ml deionised water (<10 [iScm-1), mixed 24 h 
before the measurements. The soil moisture content was determined from the weight 
loss of air-dried samples upon 24 h at 105 oC. Soil organic matter content (%) was 
determined from the weight loss upon ignition (4 h at 550 oC) of ~10 g oven-dried 
samples. The particle size distribution of the soil was analysed by means of laser 
diffraction (Malvern Master Sizer 2000 with Hydro 2000 G) performed on oven-dried 
samples sieved over 2000 [im. Prior to this analysis, samples were treated with 30% 
H2O2 and 10% HCl for detaching coagulating particles and dissolving organic matter. To 
determine the soil metal concentrations, 0 .2  g dry weight soil of each sample was 
weighed on a Sartorius LA310S mass balance and digested in a mixture of 4 ml 65% 
HNO3 and 1 ml 30% H2O2 with a Milestone Ethos-D microwave. As a quality check for 
this procedure, two blank samples were treated similarly to the soil samples and 
included in the series. Total concentrations of arsenic (As), cadmium (Cd), chromium 
(Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn) were determined 
with ICP-MS (X Series; Thermo Electron Cooperation). Concentrations in the blank 
samples generally comprised maximum 2.5% of the concentrations measured in the soil 
digests, except for Hg (40%) and Cu (47%), indicating that Hg and Cu concentrations in 
soil samples may be overestimated. Total soil heavy metal concentrations were 
compared with soil quality standards corrected for clay and organic matter content 
(VROM 2000). These standards include so-called target values, i.e., reference values for 
clean soil, and intervention values, which represent pollution levels above which soil 
remediation measures should be considered (VROM 2000). To reveal whether the soil
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concentrations were high enough to induce toxic effects in plants, a tentative 
comparison was made with reference values for phytotoxicity reported in the literature. 
As these reference values are commonly expressed as plant tissue concentrations, soil 
heavy metal concentrations measured in the ‘Wolfswaard’ floodplain were translated to 
plant tissue concentrations using floodplain- and species-specific bioaccumulation 
factors (Schröder 2005). To obtain an indication of the bioavailability of the heavy 
metals, we estimated soluble concentrations of Cd, Cu, Pb and Zn from total soil 
concentrations, soil organic matter content and pH using the regression equations of 
Sauvé et al. (2000).
3.2.4 Plant communities
Plant communities were recorded in 3x3 m plots in May 2008. Vascular plant species 
were identified according to Van der Meijden (2005); the cover of each species was 
estimated according to a modified scale of Braun-Blanquet (Barkman et al. 1964). At 
each site, vascular plant species richness and diversity were determined. Diversity was 
calculated according to the Shannon-Wiener index (Shannon 1948) based on the 
midpoints of the Braun-Blanquet classes (Wikum and Shanholtzer 1978). Plant 
community composition was related to the environmental conditions with canonical 
correspondence analysis (CCA) using Canoco 4.0 (Ter Braak and Smilauer 1998). 
Distributions of the environmental variables were checked prior to the analysis with 1- 
sample Kolmogorov-Smirnov tests (SPSS 16.0). Distributions did not significantly 
deviate from a normal distribution (p > 0.05) except for the median grain size d50, 
which showed a normal distribution upon ln-transformation. To obtain stable canonical 
coefficients in a CCA, collinearity among the environmental variables should be limited 
(Ter Braak and Smilauer 1998). Because the soil concentrations of the different metals 
were highly correlated with each other, a principal component analysis (PCA; SPSS 16.0) 
was executed on the soil metal concentrations in order to reduce the amount of 
variables while preserving the main pattern of the variation. The first principal 
component accounted for almost 90% of the variation in the soil metal concentrations. 
Therefore, the remaining components were discarded and for each sampling site the soil 
metal concentrations were replaced by the site score on the first component (Schipper 
et al. 2008b). To account for differences in land use, the grazing regime (i.e., sheep or 
cattle) was included as an additional environmental variable in the CCA. In the CCA, the 
Braun-Blanquet units (r, +, 1, 2a, 2b, 3, 4, 5) were converted to ordinal values ranging 
from 1 to 8 (Ter Braak 1987). To prevent occasional observations from unduly 
influencing the analysis, the option ‘down-weighting of rare species’ was applied in 
Canoco. A forward selection procedure was followed to select environmental 
characteristics with a significant contribution (p < 0.1) to explaining variation in plant 
species composition. The significance of the selected variables and the resulting 
ordination was tested with Monte Carlo permutation tests. The relative importance of 
the significant variables was quantified with the variance partitioning method, which 
attributes variation in community composition to specific explaining variables by 
including the other explaining variables as covariables (Borcard et al. 1992; Peeters et 
al. 2000).
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3.3 Results
3.3.1 Site conditions
The unembanked sites showed longer flooding duration and generally higher soil metal 
concentrations than the embanked sites and the sites in the sheep pasture (Table 3.1). 
Mean soil heavy metal concentrations commonly exceeded Dutch target values for clean 
soil (Table 3.1; Table 3.2). Intervention values were not exceeded, indicating that 
current policy does not require remediation action in the study area. Nevertheless, the 
comparison between estimated plant tissue concentration and toxicity reference values 
reveals that metal concentrations critical for phytotoxicity could be exceeded in a few 
cases (Table 3.3). Estimated soluble concentrations of Cd, Cu, Pb and Zn comprised 
8.9%, 26.3%, 1.4% and 9.2% of the total soil concentrations, respectively. Strong 
positive correlations were found between total and estimated soluble concentrations 
(Pearson’s r of 0.98, 0.99, 0.88 and 0.91 (p < 0.01) for Cd, Cu, Pb and Zn, respectively).
3.3.2 Plant community characteristics
In total, 64 vascular plant species were identified (Appendix 3.1). The CCA selection 
procedure yielded five environmental variables with a significant contribution to 
explaining variation in plant communities: flooding duration, elevation, grazing regime 
(sheep or cattle), soil organic matter content and heavy metal contamination. These five 
variables yielded a significant (p < 0.01) ordination with four axes explaining in total 
38.9% of the variation in the plant species data (Table 3.4). Variance inflation factors 
(VIFs) of the variables were well below 10, indicating that canonical coefficients were 
stable (Ter Braak and Smilauer 1998). The first ordination axis, which explains most of 
the variation in species composition, is associated mainly with flooding duration and 
elevation (Fig. 3.2). Together, these two variables explain 13.3% of the variation in plant 
species composition (Fig. 3.3). In the unembanked area, plant species richness shows a 
significant (p < 0.01) increase with flooding duration (Fig. 3.4). Such a relationship is 
absent for the embanked area, where variation in flooding duration is minimised by the 
embankment. The variable ‘grazing regime’ explains 8.8% of the variation in plant 
species data (Fig. 3.3). Several plant species were encountered exclusively in the sheep 
pasture, as illustrated by a clustering of the sheep pasture sites in the upper left 
quadrant of the ordination diagram (Fig. 3.2). The second ordination axis of the CCA is 
associated with soil organic matter content and heavy metal contamination (Fig. 3.2). 
Heavy metal contamination explained 4.7% of the total variation in the plant species 
data (Fig. 3.3). A majority of the plant species (35 out of 64) are negatively associated 
with metal contamination levels (Fig. 3.2). In addition, both plant species richness and 
diversity show a significant (p < 0.05) decrease with heavy metal contamination levels 
(Fig. 3.4).
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Table 3.1 Site conditions in the 'Wolfswaard' floodplain. Mean metal concentrations exceeding 
corresponding target values (Table 3.2) are indicated in bold.
Unembanked area Embanked area Sheep pasture One-way
mean (min - max) mean (min - max) mean (min - max) ANOVA a
1)1=(n (n = 7) (n = 7) p-level
Distance to river (m) 146 (102 - 194) 262 (211 - 347) 269 (231 - 300) 0 . 0 0 0
Elevation (m) 7.98 (7.00 - 8.84) 8.2 (7.6 - 9.6) 9.2 (9.0 - 9.6) 0 . 0 0 1
Flooding duration (daysyr-1) 47 (16 - 106) 12 ( 8  - 13) 12 (7 - 14) 0 . 0 0 1
Clay content (< 2 pm; %) 6.4 (1.8 - 11.3) 7.9 (6.0 - 9.8) 5.4 (2.7 - 7.6) 0.114
Silt content (2 - 64 pm; %) 53.3 (17.3 - 76.8) 73.7 (50.5 - 84.0) 50.6 (23.7 - 75.9) 0.043
Sand content (> 64 pm; %) 40.4 (11.9 - 80.9) 18.5 (7.9 - 43.5) 43.9 (16.6 - 73.6) 0.045
Median grain size (d50; pm) 64.9 (8 . 8  - 288.7) 18.3 (8.5 - 44.2) 94.9 (11.0 - 292.1) 0.283
pH 7.8 (7.5 - 8.0) 7.7 (7.5 - 7.8) 7.5 (7.3 - 7.6) 0 . 0 0 1
Soil organic matter (% ) 11.5 (5.3 - 15.1) 13.8 (10.9 - 16.1) 9.7 (8.0 - 12.0) 0.016
Soil moisture (%) 36.4 (16.2 - 48.5) 39.2 (32.7 - 45.6) 37.9 (27.1 - 48.3) 0.752
As (mg-kg- 1  dw) 10.7 (4.10 - 14.7) 8.3 (4.2 - 10.6) 5.5 (3.3 - 7.8) 0.003
Cd (mg-kg- 1  dw) 1.91 (0.50 - 3.20) 0.93 (0.30 - 1.50) 0.60 (0.40 - 0.80) 0 . 0 0 0
Cr (mg-kg- 1  dw) 65.9 (25.9 - 103) 38.9 (14.7 - 56.4) 23.1 (16.8 - 30.2) 0 . 0 0 0
Cu (mgkg - 1  dw) 49.9 (16.7 - 76.8) 31.9 (18.0 - 42.3) 21.3 (15.3 - 29.2) 0 . 0 0 1
Hg (mg-kg- 1  dw) 0.95 (0.50 - 1.50) 0.61 (0.40 - 0.90) 0.79 (0.40 - 1.10) 0.052
Ni (mgkg - 1  dw) 24.6 (13.3 - 35.6) 25.3 (10.9 - 32.7) 15.9 (12.7 - 20.7) 0.013
Pb (mgkg - 1  dw) 101 (29.0 - 148) 71.7 (29.0 - 101.0) 60.0 (47.0 - 79.0) 0.027
Zn (mg-kg- 1  dw) 284 (115 - 413) 173 (66.3 - 243) 143 (99.4 - 183) 0 . 0 0 1
a One-way ANOVA was applied to test for differences between the three groups of samples.
Table 3.2 Dutch environmental quality standards (EQS) for reference soils and for soils with clay and 
organic matter content values specific to the study area (VROM 2000). TV = Target Value; IV = 
Intervention Value.
Reference soil Unembanked area Embanked area Sheep pasture
TV IV TV IV TV IV TV IV
As 29 55 2 2 42 24 45 2 1 40
Cd 0 . 8 1 2 0.7 1 0 0 . 8 1 1 0.7 1 0
Cr 1 0 0 380 63 238 6 6 250 61 231
Cu 36 190 26 136 28 148 24 127
Hg 0.3 1 0 0 . 2 8 0 . 2 8 0 . 2 8
Ni 35 2 1 0 16 98 18 107 15 93
Pb 85 530 6 8 423 72 447 65 406
Zn 140 720 8 6 444 94 485 81 416
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Table 3.3 Estimated tissue concentrations for various plant species (mg-kg-1 dw) in the 'Wolfswaard' floodplain and critical heavy metal concentrations for 
phytotoxicity in plants (mg-kg-1 dw in leaves). Plant tissue concentrations were derived from soil concentrations using floodplain- and species-specific 
bioaccumulation factors from Schröder (2005). Estimated plant tissue concentrations exceeding minimum critical values are given in bold.
Cd Cu Ni Pb Zn
mean (SD) max mean (SD) max mean (SD) max mean (SD) max mean (SD) max
Cirsium arvense 0.42 (0.29) 1.14 5.13 (2.46) 11.0 0.26 (0.08) 0.43 0.29 (0.13) 0.56 20.9 (9.28) 42.2
Dacty/is glomerata 0.04 (0.03) 0.12 1.83 (0.88) 3.92 0.39 (0.12) 0.64 0.25 (0.11) 0.47 10.0 (4.46) 20.3
Elytrigia repens 0.02 (0.01) 0.05 1.86 (0.90) 3.99 0.07 (0.02) 0.11 0.30 (0.13) 0.58 8.80 (3.91) 17.8
Lo/ium perenne 0.08 (0.05) 0.22 6.89 (3.31) 14.7 0.55 (0.17) 0.89 0.09 (0.04) 0.16 26.4 (11.7) 53.3
Pha/aris arundinacea 0.03 (0.02) 0.09 3.91 (1.88) 8.37 0.52 (0.17) 0.85 0.67 (0.28) 1.27 51.6 (22.9) 104.2
P/antago lanceolata 0.23 (0.15) 0.61 4.23 (2.03) 9.06 0.19 (0.06) 0.30 2.71 (1.16) 5.18 34.2 (15.2) 69.0
P/antago m ajor 0.07 (0.05) 0.19 4.73 (2.27) 10.1 0.19 (0.06) 0.31 0.43 (0.18) 0.81 16.4 (7.28) 33.1
Poa annua 0.15 (0.10) 0.41 3.12 (1.50) 6.68 0.59 (0.19) 0.96 0.70 (0.30) 1.35 17.0 (7.55) 34.3
Poa trivia lis 0.06 (0.04) 0.16 2.44 (1.17) 5.22 0.74 (0.24) 1.21 0.76 (0.32) 1.45 9.00 (4.00) 18.2
Potentila anserina 0.15 (0.10) 0.41 2.12 (1.02) 4.53 0.63 (0.20) 1.03 0.68 (0.29) 1.30 19.8 (8.82) 40.1
Potentila reptans 0.30 (0.20) 0.80 3.08 (1.48) 6.60 0.50 (0.16) 0.82 0.54 (0.23) 1.04 26.4 (11.7) 53.3
Ranunculus repens 0.15 (0.10) 0.42 13.3 (6.39) 28.5 0.57 (0.18) 0.93 0.53 (0.22) 1.01 29.1 (12.9) 58.7
Rorippa sylvestris 0.22 (0.15) 0.61 2.22 (1.07) 4.76 0.87 (0.28) 1.42 0.08 (0.03) 0.15 15.5 (6.91) 31.4
Rumex obtusifo/ius 0.19 (0.13) 0.51 3.05 (1.46) 6.53 0.39 (0.12) 0.64 0.39 (0.17) 0.74 17.8 (7.91) 36.0
Trifolium  pratense 0.06 (0.04) 0.16 11.3 (5.42) 24.2 0.44 (0.14) 0.71 0.35 (0.15) 0.67 29.3 (13.0) 59.1
Trifolium  repens 0.06 (0.04) 0.15 7.21 (3.46) 15.4 0.68 (0.22) 1.10 0.77 (0.33) 1.48 22.5 (10.0) 45.5
Critical concentrations 4 - 3 O 15 - 30 3 - 190 3 - 300 100 - 500
a From Kabata-Pendias and Pendias (2001) and Römkens et al. (2007)
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Fig. 3.2 Sampling sites, environmental conditions and vascular plant species in the 'Wolfswaard' 
floodplain plotted in relation to the first two ordination axes. Plotting is based on symmetric, biplot 
scaling. o = plant species; x = sheep pasture site; ▼ = embanked site; ♦ = unembanked site; SOM = 
soil organic matter. Plant species' names are indicated using the first two letters of both genus and 
species name. Full names can be found in Appendix 3.1.
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Fig. 3.3 Relative contributions of the selected environmental variables to explaining variation in plant 
communities recorded in the 'Wolfswaard' floodplain. Hydro-topography includes the variables 
'flooding duration' and 'elevation'. SOM = soil organic matter.
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Table 3.4 Summary of the CCA results.
Canonical axes
1 2 3 4
Eigenvalues 0.37 0.239 0.156 0 . 1 2 5
Species-environment correlations 0.968 0.928 0.893 0.833
Cumulative variance of species data (% ) 16.2 26.6 33.5 38.9
Cumulative variance of species-environment relation (% ) 
Sum of all unconstrained eigenvalues 
Sum of all canonical eigenvalues
3 8 . 0 62.5 78.5 91.3
Total inertia
2.284
2.284
0.974
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Fig. 3.4 Vascular plant species richness (left) and diversity (right) in relation to flooding duration 
(top) and soil contamination (bottom). The heavy metal score represents the sampling site score on 
the first principal component resulting from PCA on the As, Cd, Cr, Cu, Hg, Ni, Pb and Zn 
concentrations in soil. x = sheep pasture site; a = embanked site; ♦ = unembanked site. Regression 
lines are plotted for significant relationships (p < 0.05) only and are depicted for the dataset as a 
whole (solid black lines), the unembanked sites (dotted lines) and the embanked sites (solid grey 
lines).
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3.4 Discussion
3.4.1 Flooding
For plant communities in the ‘Wolfswaard’ floodplain, flooding characteristics turned 
out to be more important than contamination levels or soil properties. Segregation of 
plant species along a hydrologically defined gradient is a well-described phenomenon 
(Silvertown et al. 1999; Sykora et al. 1988; Van Eck et al. 2004; Voesenek et al. 2004). 
Tolerance to flooding strongly differs between plant species and has been shown to 
range from 6 to over 60 days of total submersion for a selection of 20 grassland species 
commonly occurring in lowland Rhine River floodplains (Van Eck et al. 2004). Due to 
differences in flooding tolerance, spatial variation in flooding duration is generally well 
reflected by differences in species composition. Flood-sensitive species are usually 
restricted to high parts of the floodplain, where the impacts of flooding are limited, 
while more tolerant species persist at sites where flooding is more frequent or 
prolonged (Lenssen and De Kroon 2005; Van de Steeg and Blom 1998; Van Eck et al. 
2006; Van Eck et al. 2004). The CCA results presented here agree well with flooding 
tolerance differences as observed by Van Eck et al. (2004). Species identified as tolerant, 
like Elytrigia repens, Potentilla anserina, Potentilla reptans and Rumex crispus, were 
positively associated with flooding duration in the CCA, whereas more sensitive species, 
like Festuca rubra, Plantago lanceolata and Rumex acetosa, indeed showed a negative 
relationship with flooding duration (Fig. 3.2).
The association between flooding duration and plant species richness (Fig. 3.4), 
however, is less easy to explain. In general, species richness of riparian vegetation tends 
to decrease rather than increase with flooding duration. Frequent or prolonged flooding 
generally results in species-poor communities, whereas relatively high species richness 
is observed at sites where flooding impacts are smaller (Van de Steeg and Blom 1998; 
Wassen et al. 2002b). This suggests that the positive relationship between species 
richness and flooding duration in the unembanked part of the study area is mediated by 
other factors. In general, plant species composition and species richness may depend on 
a variety of factors, including nutrient availability, land use history, grazing intensity, 
stress imposed by for example drought, and disturbances induced by mowing (Grime 
1973; Stewart and Pullin 2008; Sykora et al. 1990; Wassen et al. 2005). Unfortunately, 
such factors have not been investigated in the present study. The variation left 
unexplained by the CCA (i.e., 61.3%) and the scatter around the regression lines (Fig.
3.4) point at the importance of such factors for plant community composition and 
species richness. Yet, the significant associations with soil heavy metal concentrations 
(Fig. 3.2; Fig. 3.4) indicate that soil contamination could also play a role in explaining the 
patterns observed. Within the unembanked area, soil metal contamination levels 
increase with distance from the river channel towards the minor embankment 
(Pearson’s r = 0.72, p= 0.013). Heavy metals in river sediment are mostly attached to the 
fine particles, i.e., clay and organic matter (Middelkoop 2000). The most flood-prone 
sites are located closest to the river channel, where sediment deposits are relatively 
sandy. Sediment deposits at sites at somewhat larger distance from the river, which are 
characterised by shorter flooding duration, have larger amounts of clay and organic 
matter and thus higher contamination levels. The strong positive correlations between 
total and soluble concentrations of Cd, Cu, Pb and Zn indicate that this trend holds not 
only for total soil heavy metal concentrations, but also for bioavailable concentrations. 
Hence, the counterintuitive trend of decreasing plant species richness with decreasing
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flooding duration could actually reflect an effect of increasing metal contamination 
levels.
3.4.2 Heavy m etal contamination
Estimated maximum plant tissue concentrations were found to exceed minimum toxicity 
reference values (Table 3.3), suggesting that toxic effects cannot be excluded for plants 
in the ‘Wolfswaard’ floodplain. Further, certain species that are commonly encountered 
at heavily contaminated sites like metal smelter areas, including Plantago lanceolata, 
Ranunculus acris and Festuca rubra (Banasova et al. 2006; Bizoux et al. 2004), showed a 
clearly positive association with metal contamination in the CCA (Fig. 3.2). These 
findings suggest that the plant communities in the study area are indeed influenced by 
the presence of metals. However, minimum critical concentrations were exceeded only 
slightly in very few cases only and plant tissue concentrations derived from mean rather 
than maximum soil concentrations were generally well below levels critical for toxicity 
(Table 3.3). Further, the estimated plant tissue concentrations are probably 
overestimated. Accurate measurements of heavy metal concentrations in plants are 
difficult to obtain, because tissue concentrations are generally low and plant samples 
may be contaminated by attached soil and dust particles. This may result in an 
overestimation of plant tissue concentrations and thus bioaccumulation factors 
(Schröder 2005). Hence, it seems unlikely that single metal concentrations in the study 
area are high enough to induce the significant differences in plant species composition 
and richness as observed here. In addition to possible influences of confounding factors 
that have not been investigated in the present study, a combined effect of multiple 
stressors may provide an explanation for the relationships observed.
3.4.3 Multiple stressors
In general, effects of multiple stressors may be comparative, additive, antagonistic or 
synergistic (Folt et al. 1999). Comparative effects arise when the combined effect of 
multiple stressors equals the impact of the single worst or dominant stressors. Purely 
additive effects occur when the combined effect of several stressors equals the sum of 
their independent effects, whereas antagonism and synergism refer to combined effects 
being less or greater than this sum, respectively (Folt et al. 1999; Plackett and Hewlett 
1952). Although effects of multiple heavy metals on plants have received little attention, 
there is slight evidence that responses of plants to mixtures of heavy metals are 
concentration-dependent (Kabata-Pendias and Pendias 2001). A toxicity experiment 
with Silene vulgaris exposed to different binary mixtures of Cu, Zn and Cd revealed 
synergistic responses when one of the mixture components exceeded a critical level of 
toxicity, but antagonistic effects as long as the concentrations of both mixture 
components were only slightly toxic (Sharma et al. 1999). In contrast, however, a recent 
study on growth of Typha latifolia exposed to a mixture of Cd and Pb revealed 
synergistic effects even with non-toxic single-metal concentrations (Alonso-Castro et al.
2009), suggesting that additive or synergistic effects of multiple heavy metals on plants 
in the study area cannot be excluded. In addition, organic contaminants like PAHs, PCBs 
and DDTs could also play a role, as the lowland floodplains along the Rhine are generally 
contaminated by a mixture of both inorganic and organic substances (Hendriks et al. 
1995). A mixture toxicity experiment with different plant species exposed to two PAHs 
(phenanthrene and pyrene) showed that organic contaminants may have additive
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effects when acting in concert (Chouychai et al. 2007). If combined with heavy metals, 
organic pollutants may induce toxic effects even when concentrations are non-toxic in 
single-contaminant experiments, as revealed by Brassica juncea  and Festuca 
arundinacea exposed to a mixture of pyrene and Zn (Batty and Anslow 2008). Hence, we 
conclude that additive or synergistic effects of multiple contaminants, including both 
inorganic and organic pollutants, cannot be excluded for plants in the ‘Wolfswaard’ 
study area. This may explain why plant community composition and species richness 
are significantly related to soil heavy metal concentrations even though single metal 
concentrations seem too low for causing phytotoxic effects in plants.
In addition, the concomitant influence of contamination and non-chemical stressors 
may provide an explanation for the patterns observed. In general, exposure to a non­
chemical stressor is likely to narrow an organism’s tolerance to toxicants (Heugens et al. 
2001), suggesting that flooding-induced stress in plants may reduce their tolerance to 
soil contamination. Indeed, there is evidence that negative effects of toxic substances are 
greater when plants are entirely submerged (Van den Brink 1994). Likewise, exposure 
to chemical substances may reduce tolerance to flooding, as indicated by field 
observations revealing that flood tolerance of certain plant species is much lower in 
lowland Rhine River floodplains than in uncontaminated floodplain areas (Wassen et al. 
2002b). Thus, reduced tolerance to contamination induced by periodical flooding seems 
another potential explanation of why plant communities in the ‘Wolfswaard’ floodplain 
seem to respond to heavy metals concentrations that would probably be non-toxic if 
other stressors were absent. Hence, in dynamic environments like floodplains, impacts 
of soil contamination on biota may be larger than expected based on mere soil 
concentrations. This emphasises the relevance of analysing the effects of toxic 
substances simultaneously to the effects of other relevant factors. Next to flooding, these 
factors may also include grazing and land use history, which may have a differential 
influence on plant communities in cultivated lowland floodplains. More generally, the 
results presented here underline the need for a more integrated approach when 
assessing impacts of stressors on ecosystems, by including other relevant environmental 
agents rather than focusing on single stressors in isolation.
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Abstract
Soil metal concentrations, inundation characteristics and abundances of 14 arthropod taxa were 
investigated in a moderately contaminated lowland floodplain along the Rhine River and 
compared to the hinterland. Internal metal concentrations were determined for the orders of 
Coleoptera (beetles) and Araneae (spiders) and were related to soil concentrations. The 
floodplain was characterised by larger arthropod abundance than the hinterland, in spite of 
recurrent inundations and higher soil metal concentrations. Most arthropod taxa showed 
increasing abundance with decreasing distance to the river channel and increasing average 
inundation duration. For Cd, Cu, Pb and Zn, significant relationships were found between 
arthropod concentrations and concentrations in soil. Significant relationships were few but 
positive, indicating that increasing soil concentrations result in increasing body burdens in 
arthropods. For arthropod-eating vertebrates, these results might imply that larger prey 
availability in the floodplain coincides with higher metal concentrations in prey, possibly leading 
to increased exposure to metal contamination.
4.1 Introduction
River floodplains are among the most fertile and richest ecosystems on earth. Periodical 
inundation of floodplain areas replenishes the soil nutrients (Junk et al. 1989) and 
constitutes the natural disturbance regime primarily responsible for sustaining a high 
level of landscape and biological diversity (Robinson et al. 2002; Ward et al. 2002). In 
the lowland floodplains of the Rhine River in the Netherlands, the biological diversity 
might be threatened by the large amounts of particulate-bound metals that have been 
deposited during the last century (Leuven et al. 2005). Metals can enter food chains by 
uptake in vegetation and soil-dwelling invertebrates (Notten et al. 2005; Schröder 2005; 
Vijver 2005). For several vulnerable vertebrate species this might lead to risks of 
secondary poisoning, i.e., toxicological risks resulting from exposure to contaminated 
food (Kooistra et al. 2001; Spurgeon and Hopkin 1996; Van den Brink et al. 2003; 
Wijnhoven et al. 2006a).
Terrestrial invertebrates make up a substantial part of the terrestrial food web (Ma 
et al. 1998; Peijnenburg 2002). They are consumed by small mammals such as mice, 
shrews and moles (Lange et al. 1994; Southern 1965), but also by focal species such as 
the threatened corncrake Crex crex and the protected predators badger Meles meles and 
little owl Athene noctua (Braaksma 1962; Kooistra et al. 2001; Kruuk and Parish 1981; 
Van den Brink et al. 2003). As floodplains provide important foraging areas for these 
focal species, it merits studying both the spatial biomass distributions and the metal 
accumulation characteristics of terrestrial invertebrates in contaminated floodplains, 
thus obtaining more insight in the potential risks of secondary poisoning. Earthworms 
exposed to metal contamination in soil have been investigated extensively (Klok and De 
Roos 1996; Lock and Janssen 2001; Ma et al. 2004; Sample et al. 1998; Van Vliet et al. 
2005; Vijver 2005), but relatively little is known about terrestrial arthropods. 
Accumulation of metals in terrestrial arthropods and resulting adverse effects have been 
examined mostly in laboratory settings (Crommentuijn et al. 1997; Donker et al. 1996; 
Gräff et al. 1997; Janssen et al. 1991) or in heavily contaminated areas such as shooting 
ranges or metal mining and smelter sites (Lock et al. 2001; Migliorini et al. 2004; 
Rabitsch 1995a, b, c; Van Straalen and Van Wensem 1986). Research on arthropods in 
floodplains focuses mainly on relationships between abundances and flooding
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characteristics, without paying attention to aspects of soil contamination (Adis and Junk 
2002; Ballinger et al. 2005; Bell et al. 1999; Cartron et al. 2003; Ellis et al. 2001).
The aim of the present study is to increase insight in the abundance and internal 
metal concentrations of terrestrial arthropods in a contaminated floodplain area. 
Arthropods and soil samples were collected in a lowland Rhine River floodplain area 
characterised by moderate contamination levels. Additional sampling was executed in 
the hinterland, i.e., at sites protected from flooding by the presence of a dike. Internal 
metal concentrations were determined in beetles (Coleoptera) and spiders (Araneae) 
and related to soil concentrations. In this chapter, results of the study are presented and 
discussed, and implications are addressed concerning potential risks of secondary 
poisoning for vertebrate species preying on terrestrial arthropods.
4.2 Materials and methods
4.2.1 Study area
Terrestrial arthropods and soil samples were collected in the study area ‘Ewijkse Plaat’. 
The area measures about 15 ha and is located approximately 10 km w est of the city of 
Nijmegen at the south side of the Waal River, i.e., the main Rhine River distributary in 
the Netherlands (Fig. 1.1). In 1988 -  1989, a large part of the floodplain was excavated in 
order to increase the discharge capacity of the river. Additionally, most of the floodplain 
area was cleared of agriculture and assigned as a nature rehabilitation site. Natural 
succession subsequently resulted in structure-rich floodplain vegetation, which is 
subject to a semi-natural grazing regime of large herbivores that were introduced in the 
area (Peters et al. 2006; Van Breen et al. 2005). The floodplain is embanked by a winter 
dike, but minor embankments are absent and hence the area is inundated not only in 
case of high-magnitude peak discharge events, but also at lower-magnitude discharges. 
In the floodplain, 96 sample sites were selected. For comparison, 12 naturally vegetated 
sites were selected in the hinterland, i.e., at the landward side of the winter dike (Fig.
4.1).
4.2.2 Data collection
For each sampling site, the position relative to the river channel was determined by 
calculating the Euclidian distance (m) to the middle of the channel in a geographical 
information system (GIS; ArcMap 9.1, ESRI, 2005). The elevation (m a.m.s.l.) of the 
sampling sites was measured with DGPS-RTK (Ashtech Z-Max, accuracy 0.05 m). For 
each of the floodplain sites, the average inundation duration (days per year) was 
determined by relating the elevation to local water level data. Local water level data 
were obtained by linear interpolation of daily water level measurements (period 1901 -
2000) at an upstream and a downstream gauging station (www.waterbase.nl). 
Subsequently, each floodplain site was assigned the average duration of water levels 
exceeding its elevation.
In August 2005, the 0 -  10 cm upper soil layer was sampled at each sampling site by 
mixing and homogenising three sub-samples collected within a radius of 2 m from the 
centre of the site. The moisture content of the samples was determined by the weight 
loss after 24 h at 105 oC and calculated as (fresh weight -  dry weight) • dry weight-1. Soil 
organic matter content (%) was determined by weight loss on ignition (4 h at 550 oC) of
47
Chapter 4
dry weight samples. The particle size distribution of the samples was analysed by laser 
diffraction (Coulter LS230) of sieved samples (2000 [im), whereby coagulating particles 
were detached by applying 10 ml 35% H2O2 and 2 ml 30% HCl per 10 g dry weight 
sample prior to the analysis. Of each sample, 0.2 g dry weight soil was weighed on a 
Sartorius LA310S mass balance and digested in a mixture of 4 ml 65% HNO3 and 1 ml 
30% H2O2 using a Milestone Ethos-D microwave. Subsequently, total soil concentrations 
of arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb) and 
zinc (Zn) were determined in the soil digests with ICP-AES (IRIS Intrepid II Model XLD). 
Additionally, extractable soil metal concentrations were derived by mixing 15 g fresh 
weight soil with deionised water (<10 [J.S • cm-1) and 15 g fresh weight soil with 0.01 M 
CaCl2, in soil-extractor ratios of 1:2.5 each. After 24 h, soil pH was measured in the 
suspension of the deionised water extraction. Extracts were centrifuged, acidified to pH 
= 2 and analysed with ICP-AES.
Terrestrial arthropods were collected with pitfall traps at 53 of the floodplain sites 
and 10 of the sites in the hinterland. The traps (diameter 6.5 cm) contained 3.5% 
formalin and were sheltered by a wooden tile (10 x 10 cm) supported by two long nails. 
At each trap location, the vegetation structure was described by assessing vegetation 
cover and height. Traps were emptied twice in August -  September 2005, with a 
sampling interval of 5 days. Arthropods were identified at order level (Schaefer 2002), 
except for the sub-phylum Myriapoda, and stored in 3.5% formalin. Metal 
concentrations were determined for the orders of Coleoptera and Araneae, as for other 
taxa the biomass collected was insufficient for analysis. Adult specimens were pooled 
per order and per sampling site to obtain sufficient biomass per sample. Samples were 
rinsed with deionised water to remove the storage solution and then dried (24 h at 70 
oC) and weighed (Sartorius LA310S) before digestion in a mixture of 4 ml 65% HNO3 and 
1 ml 30% H2O2. Subsequently, metal concentrations were determined with ICP-AES.
Fig. 4.1 Sampling sites in the study area 'Ewijkse Plaat'.
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Table 4.1 Results of principal component analysis (PCA) on the soil metal concentrations in the study 
area 'Ewijkse Plaat'.
4.2.3 Data analysis
Because contaminant concentrations are usually not normally distributed (Van den 
Brink et al. 2003), metal concentrations in soil, Coleoptera and Araneae were 
logarithmically transformed. Numbers of arthropods were averaged over the two pitfall 
catches, yielding an average abundance per taxon for each sampling site, and 
subsequently transformed according to log (N+1) (Jongman et al. 1995). Differences in 
environmental variables and in abundance of arthropod taxa between the floodplain and 
the hinterland as well as differences in metal body burdens between Coleoptera and 
Araneae were determined with independent-samples t-tests (SPSS 14.0). Mutual 
correlations between the environmental parameters were determined with bivariate 
correlation analysis; relationships between internal metal concentrations in Coleoptera 
or Araneae and soil concentrations were examined with bivariate regression analysis 
(SPSS 14.0). Relationships between arthropod abundance and environmental 
parameters were investigated with redundancy analysis (RDA) in CANOCO 4.0 (Ter 
Braak and Smilauer 1998). RDA is an ordination technique designed to detect those 
patterns of variation in species abundance that can be explained by quantitative 
environmental variables, by combining ordination with multiple regression. This results 
in an ordination diagram which besides a pattern of variation in species composition, 
also expresses the main relationships between the species and each of the 
environmental variables (Jongman et al. 1995). For each environmental variable in the 
RDA, a so-called variance inflation factor (VIF) is calculated which expresses the 
(partial) multiple correlation with other environmental variables in the analysis. A VIF > 
20 indicates that a variable is almost perfectly correlated with other variables. This 
results in an unstable canonical coefficient for this variable, which might hamper the 
interpretation of the ordination (Ter Braak and Smilauer 1998). Because in the initial 
ordination high VIFs were observed for the grain size distribution parameters (clay 
fraction, silt fraction, sand fraction and median grain size), the median grain size was 
selected as a representative grain size distribution parameter and the fractions of sand, 
silt and clay were excluded from the RDA. Similarly, in the initial ordination VIFs > 20 
were observed for the total soil concentrations of As, Cd, Cr, Cu, Ni, Pb and Zn. A 
principal component analysis (PCA; SPSS 14.0) was executed on this part of the data set 
in order to reduce the amount of variables while preserving the main part of the 
variation (Davis 1973). As the first principal component accounted for almost 90% of 
the variation in the soil metal concentrations (Table 4.1), it was decided to discard the 
remaining components and replace the soil metal concentrations for each sampling site
Principal component 1
As - total (mg-kg" 1 dw) 
Cd - total (mg-kg- 1 dw) 
Cr - total (mg-kg- 1 dw) 
Cu - total (mg-kg- 1 dw) 
Ni - total (mg-kg- 1 dw) 
Pb - total (mg-kg- 1 dw) 
Zn - total (mg-kg- 1 dw) 
% of variance
0.957
0.919
0.911
0.949
0.969
0.973
0.953
89.8
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by the site score on the first component. Subsequently the RDA was executed, whereby a 
Monte-Carlo permutation test was performed to test the significance of the resulting 
RDA ordination (Ter Braak and Smilauer 1998).
T a b le  4 .2  Environmental characteristics of the study area 'Ewijkse Plaat'.
Environmental characteristics a _________ Floodplain___________________ Hinterland____________Difference
Mean SD N Mean SD N p
elevation (m a.m.s.l.) 10.0 1.10 87 11.1 1.78 9 0 .0 3 2
inundation duration (d yr-1) 14.7 13.8 87 nd nd - -
soil organic matter content (%) 5.99 3.51 94 6.03 2.83 12 0.968
pH 7.31 0.189 96 7.17 0.184 12 0.054
clay (< 2jm ; %) 7.12 4.49 96 6.19 2.18 12 0.678
silt (2 - 64jm ; %) 32.5 21.4 96 32.0 13.7 12 0.930
sand (64 - 2000|jm; %) 60.4 25.8 96 61.8 15.8 12 0.981
median grain size (jm ) 145 115 96 107 71.0 12 0.500
As-total (mg-kg-1 dw) 11.0 8.74 96 7.93 5.58 12 0.145
As-H2O (mg-kg-1 dw) 0 .0 2 2 7 0.0141 93 0 .0 1 4 9 0.00851 12 0 .0 3 6
As-CaCl2 (mg-kg-1 dw) 0 .0 0 5 4 2 0.0107 96 0 .0 0 0 9 5 0 0.00147 12 0 .0 2 9
Cd-total (mg-kg-1 dw) 1.41 * 1.45 96 0.792 * 0.499 12 0.248
Cd-H2O (mg-kg-1 dw) 0.000337 0.000792 93 0.000252 0.000382 12 0.426
Cd-CaCl2 (mg-kg-1 dw) 0 .0 0 1 9 7 0.00152 96 0 .0 0 0 9 8 5 0.00111 12 0 .0 1 7
Cr-total (mg-kg-1 dw) 69 .3  * 50.2 96 3 0 .8 26.3 12 0 .0 0 3
Cr-H2O (mg-kg-1 dw) 0.0209 0.0233 93 0.0252 0.0302 12 0.975
Cr-CaCl2 (mg-kg-1 dw) 0.00472 0.0127 96 0.00186 0.00643 12 0.481
Cu-total (mg-kg-1 dw) 3 1 .4  * 31.3 96 11.2 11.6 12 0 .0 0 4
Cu-H2O (mg-kg-1 dw) 0.0958 0.0507 93 0.0827 0.0459 12 0.546
Cu-CaCl2 (mg-kg-1 dw) 0.0579 0.0346 96 0.0429 0.0393 12 0.165
Ni-total (mg-kg-1 dw) 23.3  * 11.4 96 16.2  * 4.39 12 0 .0 3 6
Ni-H2O (mg-kg-1 dw) 0.0191 0.0276 93 0.0196 0.0239 12 0.300
Ni-CaCl2 (mg-kg-1 dw) 0 .0 0 8 8 3 0.00447 96 0 .0 0 4 5 4 0.00161 12 0 .0 0 0
Pb-total (mg-kg-1 dw) 70.6 * 61.2 96 44.6 31.8 12 0.130
Pb-H2O (mg-kg-1 dw) 0.0117 0.00703 93 0.0187 0.0177 12 0.208
Pb-CaCl2 (mg-kg-1 dw) 0 .0 0 3 8 7 0.00668 96 0 .0 0 0 1 6 4 0.000567 12 0 .0 1 4
Zn-total (mg-kg-1 dw) 269 * 182 96 1 22  * 99.0 12 0 .0 0 0
Zn-H2O (mg-kg-1 dw) 0.0739 0.0536 93 0.0669 0.0624 12 0.304
Zn-CaCl2 (mg-kg-1 dw) 0 .1 1 4 0.0360 96 0 .0 6 5 8 0.0543 12 0 .0 0 1
a Significant differences between floodplain and hinterland (Mann-Whitney test; p  < 0.05) are depicted in bold. 
Metal concentrations exceeding the Dutch threshold values for clean soil ('streefwaarde') are indicated with an 
asterisk. nd = not determined; N = number of sampling sites.____________________________________________
4.3 Results
4.3.1 Environmental characteristics
Total soil concentrations of Cr, Cu, Ni and Zn were significantly higher in the floodplain 
than in the hinterland (p < 0.05; Table 4.2). Mutual bivariate correlations between total 
metal concentrations were within the range of r = 0.783 -  0.947, with p < 0.01 for all 
combinations of metals. Extractable metal concentrations comprised maximal 0.3% of 
the total concentrations. Significant bivariate correlations (p < 0.01) were observed 
between on the one hand the distance to the river and on the other hand elevation (r =
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0.318), soil organic matter content (r = 0.514), pH (r = -0.573), clay fraction (r = 0.513), 
silt fraction (r = 0.511), sand fraction (r = -0.513) and total metal concentrations, with 
the weakest correlation for Cr (r = 0.243; p < 0.05) and the strongest correlation for Cd 
(r = 0.537; p < 0.01). For the majority of the variables, the correlation with the distance 
to the river was stronger when excluding the sites in the hinterland. This was observed 
for the grain size distribution parameters clay, silt and sand content (respectively r = 
0.736; r = 0.698; r = -0.707, all at p < 0.01), for soil organic matter content (r = 0.693; p < 
0.01) and for total metal concentrations, ranging from r = 0.572 (p < 0.01) for Cr to r = 
0.717 (p < 0.01) for Pb.
Table 4.3 Numbers of arthropods collected in the study area 'Ewijkse Plaat'.
Sub-phylum Class
Intra-
Order N
Floodplain Hinterland Difference
class Mean SD Mean SD p
Chelicerata Arachnida Acari - 149 1.44 1.49 0.550 0.497 0.075
Araneae 1443 13.5 10.39 3 .55 2.77 0 .0 0 0
Opiliones 233 2.23 2.84 1.05 1.36 0.183
Crustacea Malacostraca Isopoda 142 0 .7 8 3 1.17 3 .3 0 4.09 0 .0 0 8
Mandibulata Insecta Caelifera 7 0.104 0.442 0 0 0.316
Coleoptera 2132 2 1 .2 20.9 4 .2 0 1.58 0 .0 0 0
Collembola 1588 13.5 9.68 11.5 8.85 0.424
Diptera 1365 12.9 8.59 4 .3 5 2.93 0 .0 0 1
Heteroptera 143 1.42 3.22 0.400 0.568 0.339
Homoptera 42 0.396 0.638 0.200 0.350 0.389
Hymenoptera 648 5.97 11.8 2.25 1.96 0.275
Lepidoptera 18 0.113 0.233 0.350 0.530 0.125
Siphonaptera 3 0.0189 0.0962 0.0500 0.158 0.400
Myriapoda - - 20 0.151 0.287 0.250 0.354 0.314
Total 7933 7 3 .7 34.7 3 2 .0 11.1 0 .0 0 0
Samples were collected from 53 floodplain sites and 10 hinterland sites. N = numbers of specimens, based on a 
10 day sampling period. Mean and standard deviation (SD) for floodplain and hinterland are based on numbers 
of specimens averaged per sampling site, thus representing an average of two 5 day interval pitfall catches. 
Significant differences between floodplain and hinterland (Mann-Whitney test; p < 0.05) are depicted in bold.
4.3.2 Arthropod abundance
In total 7933 arthropod specimens were collected, belonging to 14 taxa (Table 4.3). Most 
specimens were identified for the order of Coleoptera, followed by the Collembola, 
Araneae, and Diptera. Abundance tended to be higher in the floodplain than in the 
hinterland, with significant differences for the Araneae, Diptera and Coleoptera. The 
same holds for the total number of arthropod specimens, which was considerably higher 
in the floodplain. Only the number of Isopoda specimens was significantly lower in the 
floodplain (Table 4.3). The redundancy analysis (RDA) yielded four canonical axes 
cumulatively accounting for 36% of the variance in arthropod abundance (Table 4.4), 
with a significance level of p < 0.01. The ordination diagram (Fig. 4.2) reveals that the 
variation in arthropod abundance was most closely related to the distance to the river, 
the elevation and the inundation duration, as environmental variables with long arrows 
are more strongly correlated with the ordination axes than variables with short arrows 
(Jongman et al. 1995). Most of the taxa were negatively associated with the distance to 
the river, indicating increasing abundance towards the river. This was most clear for the
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Coleoptera and Diptera. A positive association was found for the Isopoda, thus indicating 
decreasing numbers towards the river. Most taxa showed a weak but positive 
association with inundation duration; clear exceptions were the Hymenoptera and the 
Isopoda. Chemical soil properties and grain size distribution played a minor role in the 
ordination.
Fig. 4.2 Redundancy analysis (RDA) on arthropod abundance in the study area 'Ewijkse Plaat'. AC: 
Acari; AR: Araneae; CA: Caelifera; CB: Collembola; CO: Coleoptera; DI: Diptera; HE: Heteroptera; HO: 
Homoptera; HY: Hymenoptera; IS: Isopoda; LE: Lepidoptera; MY: Myriapoda; OP: Opiliones; SI: 
Siphonaptera; Soil metal concentrations (dimensionless): sampling site scores on the first principal 
component of the total soil concentrations of As, Cd, Cr, Cu, Ni, Pb and Zn (Table 4.1); V1: Bare soil 
(< 1% vegetation cover); V2: Grassy vegetation (> 50% covered by Gramineae); V3: Low 
herbaceous vegetation (> 50% covered by Dicotyledonae, with < 5% of vegetation taller than 15 
cm); V4: Rough herbaceous vegetation (> 50% covered by Dicotyledonae, with > 5% of vegetation 
taller than 15 cm); V5: Hay meadow (> 50% covered by Gramineae and periodically mown); V6: 
Softwood forest or shrubs with herbaceous undergrowth (wooden vegetation, > 50% covered by 
Dicotyledonae undergrowth); V7: Softwood forest or shrubs with sparse undergrowth (wooden 
vegetation, < 50% covered by Dicotyledonae undergrowth); V8: Sparsely vegetated (1-50% 
vegetation cover).
Table 4.4 Variance explained by the canonical axes obtained with redundancy analysis (RDA) on 
arthropod abundance in the study area 'Ewijkse Plaat'.
Canonical axes
1 2 3 4
Eigenvalues 0.203 0.064 0.053 0.038
Species-environment correlations 0.836 0.674 0.618 0.632
Cumulative variance of species data (%) 20.3 26.7 32.0 35.7
Cumulative variance of species-environment relation (%) 49.6 65.3 78.3 87.6
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Table 4.5 Metal concentrations in Araneae and Coleoptera in the study area 'Ewijkse Plaat'.
Araneae_____________ Coleoptera________ Difference
Mean SD N Mean SD N p
As (mg-kg-1 dw) < dl < dl - 0.559 0.915 28 nd
Cd (mg-kg-1 dw) 4 .5 4 3.36 28 0 .7 3 6 0.348 31 0 .0 0 0
Cr (mg-kg-1 dw) 2 4 .4 21.9 36 3 .8 9 2.47 31 0 .0 0 0
Cu (mg-kg-1 dw) 9 6 .3 36.8 40 1 7 .8 5.05 34 0 .0 0 0
Ni (mg-kg-1 dw) 3 .11 1.95 8 0 .6 0 5 0.423 31 0 .0 0 0
Pb (mg-kg-1 dw) 10.5 10.7 6 1 .07 2.23 28 0 .0 0 1
Zn (mg-kg-1 dw) 3 0 4 61.0 41 9 1 .1 18.1 34 0 .0 0 0
Values are based on samples from floodplain only. Significant differences 
between Araneae and Coleoptera (Mann-Whitney test; p  < 0.05) are depicted 
in bold. < dl = below detection limit; nd = not determined; N = number of 
sampling sites.___________________________________________________________
4.3.3 M etal concentrations in Araneae and Coleoptera
Because the biomass of Araneae and Coleoptera samples collected at the majority of the 
sampling sites in the hinterland was insufficient for metal analysis, average 
concentrations were calculated for the floodplain sites only (Table 4.5). For Cd, Cr, Cu, 
Ni, Pb and Zn, average concentrations were higher in Araneae than in Coleoptera (p < 
0.01), with differences up to a factor of 10. Contrastingly, in the Araneae samples no As 
could be detected, which indicates that As concentrations tended to be higher in 
Coleoptera. Bivariate regression analysis revealed a significant positive relationship 
between Zn concentrations in Araneae and total soil concentrations. For internal 
concentrations in Coleoptera, significant positive relationships were found with total 
soil concentrations of Cd and Pb, and extractable concentrations of Cd, Cu and Zn (Table 
4.6). The strongest significant correlation was observed between Cd body burdens in 
Coleoptera and total Cd concentrations in soil.
4.4 Discussion
4.4.1 M ethodological constraints
The applicability of pitfall traps in community structure and population density studies 
has been subject to debate. Pitfall catches measure not merely abundance, but are 
influenced by the activity of the specimens, which in turn depends on a number of 
factors in addition to population density (Melbourne 1999; Topping and Sunderland 
1992). Nevertheless, when identical traps and sampling time intervals are applied at 
each sampling site, as was the case in the present study, inter-site comparisons between 
pitfall catches can be considered valid (Read et al. 1998).
The application of formalin as a fixative and storage solution might influence dry 
weight biomass and metal concentrations in arthropods (Hendrickx et al. 2003a; Leuven 
et al. 1985; Zödl and Wittman 2003), which could hamper the interpretation of the metal 
body burdens of Araneae and Coleoptera presented in this study. Although Araneae- 
specific data could not be found, for several species of Coleoptera the application of 
fixatives has been shown to result in generally higher internal concentrations for Cu and 
lower concentrations for Zn, Cd and Pb in comparison to manually collected specimens,
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resulting from elution processes and tissue dissolution, respectively (Zödl and Wittman
2003). These differences were, however, for the majority of the cases not significant 
(Zödl and Wittman 2003).
Table 4.6 Relationships ln(Y) = a ■ ln(X) + b between metal concentrations (mg-kg"1 dw) in Araneae 
or Coleoptera (Y) and concentrations in soil (X). Significant regressions (p < 0.05) are depicted in 
bold.
Y X a b r N p
Araneae Cd Cd-total 0.211 1.30 0.36 29 0.055
Cd-H2O 0.140 2.25 0.12 0.53
Cd-CaCl2 0.165 2.24 0.13 0.50
Cr Cr-total -0.121 3.25 0.13 38 0.45
Cr-H2O -0.0791 2.43 0.10 0.54
Cr-CaCl2 -0.168 1.98 0.15 0.38
Cu Cu-total 0.0530 4.32 0.15 42 0.33
Cu-H2O -0.0728 4.31 0.075 0.64
Cu-CaCl2 -0.00591 4.46 0.012 0.94
Ni Ni-total -0.280 1.71 0.23 9 0.55
Ni-H2O -0.354 -0.663 0.24 0.53
Ni-CaCl2 -0.410 -1.15 0.18 0.65
Pb Pb-total -0.255 2.97 0.21 6 0.68
Pb-H2O -0.836 -1.67 0.19 0.72
Pb-CaCl2 0.525 4.93 0.66 0.16
Zn Zn-total 0 .1 3 5 4 .9 7 0 .4 4 43 0 .0 0 3 0
Zn-H2O 0.0774 5.90 0.20 0.20
Zn-CaCl2 0.0410 5.78 0.077 0.63
Coleoptera As As-total 0.213 -1.48 0.18 29 0.36
As-H2O -0.172 -1.71 0.075 0.70
As-CaCl2 -0.161 -2.17 0.28 0.14
Cd Cd-total 0 .2 8 6 -0 .2 7 4 0 .6 8 33 < 0 .0 0 1
Cd-H2O 0.117 0.491 0.16 0.36
Cd-CaCl2 0 .5 1 5 2 .9 0 0 .5 8 < 0 .0 0 1
Cr Cr-total 0.0466 0.932 0.064 33 0.73
Cr-H2O -0.0410 0.929 0.082 0.65
Cr-CaCl2 0.0702 1.45 0.088 0.63
Cu Cu-total -0.0279 2.93 0.11 37 0.51
Cu-H2O -0.0561 2.72 0.074 0.66
Cu-CaCl2 0 .1 0 2 3 .2 0 0 .3 7 0 .0 2 5
Ni Ni-total -0.197 -0.148 0.13 34 0.45
Ni-H2O -0.0339 -0.883 0.029 0.87
Ni-CaCl2 -0.0499 -0.976 0.029 0.87
Pb Pb-total 0 .7 1 5 -3 .5 9 0 .4 2 30 0 .0 2 1
Pb-H2O 0.128 -0.188 0.064 0.74
Pb-CaCl2 -0.221 -2.15 0.30 0.11
Zn Zn-total 0.100 3.94 0.27 37 0.11
Zn-H2O 0.126 4.82 0.31 0.063
Zn-CaCl2 0 .3 4 4 5 .2 5 0 .5 6 < 0 .0 0 1
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4.4.2 Environmental characteristics
Comparison of the total soil metal concentrations in the floodplain with Dutch clean soil 
threshold values, corrected for clay and soil organic matter contents specific to the study 
area (cf. VROM 2000), revealed that thresholds were exceeded for Cd, Cr, Cu, Ni, Pb and 
Zn (Table 4.2), by factors ranging from 1.1 for Cr to 3.3 for Zn. The soil concentrations 
are, however, at the lower end of the range measured in other floodplains in the 
Netherlands (Ma et al. 1998; Middelkoop 2000; Schröder 2005; Thonon 2006). This can 
probably be explained by the metal pollution history of the lower Rhine River in 
combination with the soil excavation that has been executed in the ‘Ewijkse Plaat' 
floodplain. In the 1930s and in the 1950s, metal contamination of the river sediment 
reached peak concentrations. In general, this resulted in maximum metal concentrations 
in the upper 50 cm of the floodplain soil profiles (Middelkoop 2000). During the period 
1975 -  1985, a strong reduction of metal concentrations in the river’s sediment load was 
achieved, followed by a period of slowly decreasing concentrations (Middelkoop 2000). 
In the study area, the upper and thus most contaminated part of the soil was removed in 
1988 -  1989. Hence, the soil samples collected in the present study probably comprise 
sediment deposited during a period of relatively low metal concentrations in the river’s 
sediment load.
Significant increases in clay and organic matter content and metal concentrations 
were found with increasing distance from the river channel. This is consistent with 
patterns generally found in floodplains not protected by minor embankments. Although 
the total amount of sediment deposition in these floodplains tends to decrease with 
increasing distance from the river (Middelkoop and Asselman 1998; Thonon 2006), 
median grain size and clay and organic matter contents usually show an increase, due to 
decreasing shear stresses of the water flowing over the floodplain (Thonon 2006). As 
metals are usually associated with the finer sediment fractions, metal concentrations 
tend to increase with increasing distance from the river (Thonon 2006).
4.4.3 Arthropod abundance
Canonical analysis indicated that environmental variables related to periodical 
floodplain inundation (i.e., distance to the river, elevation, and inundation duration) 
account for a larger part of the variance in terrestrial arthropod abundance in the study 
area than soil characteristics such as organic matter content, grain size distribution and 
metal contamination. Comparison between metal concentrations in the study area and 
toxicity data from the literature reveals that average soil concentrations of Cd, Cu, Pb 
and Zn are in general far below concentrations in soil and litter reported critical for the 
abundance or diversity of Collembola, Acari, Carabidae (Coleoptera), Formicidae 
(Hymenoptera) and Araneae (Bengtsson and Tranvik 1989). Furthermore, in floodplains 
characterised by higher levels of metal contamination than the study area, effects of 
contamination on survival and reproduction of the springtail Folsomia candida were 
absent (De Jonge et al. 1999) and noticeable relationships between arthropod 
abundances or diversity and metal concentrations were not observed (Ma et al. 1998). 
Consequently, it seems safe to state that the metal concentrations in the study area are 
probably too low to influence arthropod abundance.
Most arthropod taxa showed increasing abundance with increasing inundation 
duration and decreasing distance to the river. Hence, arthropods seem to respond 
positively to floodplain inundation, a notion confirmed by the tendency of higher
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average abundance in the floodplain than in the hinterland (Table 4.3). This might be 
due to the riverine supply of allochthonous organic matter to floodplain areas (Adis and 
Junk 2002; Hering and Plachter 1997), or to long-term changes in habitat resulting from 
recurrent temporary floodplain inundation, which leads for example to greater leaf fall 
and higher soil moisture levels (Ballinger et al. 2005). In addition, arthropods might be 
able to survive inundation periods due to specific traits, including for example migration 
activity before and after flooding periods, or physiological or morphological adaptations 
to submersion (Adis and Junk 2002; Rothenbücher and Schaefer 2006). Thus, a 
combination of habitat attractiveness and adaptation mechanisms might explain why 
the numbers of most arthropod taxa are higher in the ‘Ewijkse Plaat’ floodplain than in 
the hinterland. Only the abundance of Isopoda was significantly lower in the floodplain. 
Although these arthropods are expected to respond positively to the relatively high 
moisture contents characteristic of floodplain soils (Cartron et al. 2003), numbers of 
Isopoda tend to temporarily decrease upon flooding (Cartron et al. 2003; Ellis et al.
2001). As the Ewijkse Plaat is not protected by minor embankments, it is possible that 
for Isopoda the beneficial influence of floodplain inundation on soil moisture content is 
counterbalanced by a too high inundation frequency.
4.4.4 M etal concentrations in Araneae and Coleoptera
Considerably higher metal concentrations in Araneae than in Coleoptera, as found in this 
study, are commonly observed (Heikens et al. 2001; Hunter et al. 1987; Van Straalen and 
Van Wensem 1986). This difference might partially be explained by differences in diet 
preferences and feeding behaviour. Araneae are predators, whereas Coleoptera also 
comprise herbivores, resulting in different exposure routes (Heikens et al. 2001). In 
addition, predatory beetles swallow whole prey items, whereas spiders are liquid 
feeders that suck out the inner parts of their prey (Van Straalen and Van Wensem 1986). 
In case of prey items that have the highest concentration of metals in the soft tissue, for 
example Diptera (Hendrickx et al. 2003b), Araneae could in fact be exposed to higher 
metal concentrations than expected from whole body concentrations of prey. Another 
possible explanation comprises physiological differences in metal accumulation and 
regulation, as Araneae tend to exhibit high metal assimilation rates due to the 
pronounced assimilation efficiency of the midgut diverticulae, which is the most 
important metal storage organ in these arthropods (Hendrickx et al. 2003b).
For Cd, Cu, Pb and Zn, significant relationships were found between concentrations 
in Araneae or Coleoptera and soil concentrations. Significant relationships were few, but 
all correlations were positive. This indicates that an increase in soil concentrations leads 
to increasing arthropod body burdens, even though the range of environmental 
concentrations that is covered in the present study is much smaller than usually 
examined in attempts to relate metal concentrations in arthropods to soil contamination 
levels (Heikens et al. 2001). As extractable fractions are commonly considered to 
represent the environmental availability of contaminants (Hamelink et al. 1994; 
Peijnenburg 2002), regression analysis was applied with total as well as extractable soil 
concentrations. Internal arthropod concentrations were, however, not noticeably better 
correlated with the extractable fractions. This agrees with the notion that uptake via the 
soil pore water might be of less importance for these hard-bodied animals than for soft- 
bodied terrestrial invertebrates such as earthworms (Lock et al. 2001; Peijnenburg et al.
1997).
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4.4.5 Implications fo r  secondary poisoning
As Araneae are known to be among the strongest metal accumulators among arthropods 
(Heikens et al. 2001; Hunter et al. 1987; Van Straalen and Van Wensem 1986), a diet 
consisting exclusively of Araneae can be considered a worse-case scenario to determine 
potential risks of secondary metal poisoning for arthropod-eating vertebrates foraging 
in the ‘Ewijkse Plaat' floodplain, such as the common shrew ( o r e x  araneus). 
Comparison of spider concentrations with toxicity reference values for vertebrates 
(Spurgeon and Hopkin 1996) reveals that risks of Pb and Zn poisoning can likely be 
excluded for mammals and that a risk of Cu poisoning is unlikely for birds (Table 4.7). 
Average Pb concentrations in Araneae, however, exceed the minimum no-observed 
effect concentration (NOEC) for birds, and average Cd concentrations are close to 
minimum NOECs for both mammals and birds. Thus, it seems that risks of secondary Cd 
and Pb poisoning cannot be excluded for species foraging on spiders in the ‘Ewijkse 
Plaat' floodplain. This conclusion is, however, tentative, as additional factors need to be 
taken into account to determine actual risks. It should for example be considered that 
the laboratory toxicity tests from which the vertebrate NOECs were obtained may 
overestimate the effects of dietary metal concentrations on vertebrates, since metals are 
commonly added to laboratory diets in the form of soluble salts, which can result in 
higher availability (Spurgeon and Hopkin 1996). Besides, test species might be more 
sensitive than wild species, due to for example differences in physiological mechanisms 
available for detoxification (Spurgeon and Hopkin 1996).
Table 4.7 Predicted exposure concentrations (PECs) compared to no-observed effect concentrations 
(NOECs).
PEC a (mg-kg- 1 dw) PEC b (mg-kg- 1 fw) NOEC c (mg-kg- 1 fw)
Mammals Birds
Cd 4.54 1.34 1 - 50 1.6 - 75
Cu 96.3 28.4 50 - 4000 400 - 480
Pb 10.5 3.09 670 - 3340 1 - 1500
Zn 304 89.7 730 - 5000 -
a PECs represent concentrations in a diet consisting of 100% Araneae. 
b Concentrations are converted from dry weight to fresh weight based on an 
arthropod dry matter content of 29.5% (Crocker et al. 2002). 
c NOECs are expressed as concentrations in diets supplied to birds and mammals 
in chronic toxicity studies (Spurgeon and Hopkin 1996).________________________
In spite of these limitations, results of this study revealed some patterns that might be of 
general relevance with respect to potential risks of secondary poisoning in 
contaminated floodplains. Within the floodplain, soil metal concentrations were shown 
to increase with increasing distance from the river channel, which is commonly 
observed in floodplains not protected by minor embankments. For Cd, Cu, Pb and Zn, 
significant relationships were found between internal concentrations of spiders or 
beetles and soil concentrations. Significant relationships were few but positive, 
indicating that increasing soil concentrations lead to increasing body burdens in 
arthropods. Hence, metal body burdens in arthropods might also increase with 
increasing distance from the river. Spatial variation in arthropod abundance was, 
however, better explained by floodplain inundation characteristics than by 
contamination levels, whereby most arthropod taxa showed increasing abundance with 
increasing average inundation duration and decreasing distance to the river channel.
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For vertebrates preying on terrestrial arthropods, an increase in the availability of prey 
towards the river channel could thus coincide with decreasing metal concentrations in 
the prey items. The floodplain in its entirety was, however, characterised by higher 
average soil metal concentrations and larger arthropod abundance than the hinterland. 
Larger prey availability in the floodplain could on average thus coincide with higher 
contaminant concentrations in the available prey. As the larger prey availability in the 
floodplain might attract arthropod-eating vertebrates, this might lead to increased 
exposure to metal contamination. These results indicate that for analysing the risks of 
secondary metal poisoning for arthropod-eating vertebrates, spatial variation should be 
taken into account not only with respect to contaminant concentrations in soil, but also 
concerning the abundance of prey in relation to the metal accumulation characteristics 
of the prey items.
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Abstract
In the present study we compared four arthropod datasets of different taxonomic detail on their 
discriminatory power for various environmental characteristics in a lowland floodplain area 
along the rive Rhine. The arthropod datasets comprised ground-dwelling arthropods at class- 
order level (n = 10), beetle families (n = 32), ground beetle genera (n = 30) and ground beetle 
species (n = 68). Environmental characteristics included vegetation characteristics, hydro- 
topographic setting, physical-chemical soil properties and soil contamination levels. 
Relationships between arthropod assemblages and environmental factors were assessed with 
variance partitioning: a multivariate statistical approach that attributes variation in community 
composition to specific explaining variables. The variance partitioning showed comparable 
results for the four datasets. A substantial part of the variation (31 to 38%) could be ascribed to 
vegetation characteristics. Variance could further be attributed to physical-chemical soil 
properties (7 to 10%), hydro-topographic setting (3 to 7%) and soil metal contamination (2 to 
4%). Thus, in strongly heterogeneous landscapes like lowland river floodplains, relatively coarse 
taxonomic data can provide a valuable indication of the relative importance of different 
environmental factors for structuring arthropod communities. However, the ground beetles 
showed a higher specificity for different vegetation types and a more distinct relationship to soil 
contamination levels than the other arthropod datasets. Hence, a higher degree of taxonomic 
detail will be beneficial for investigating the consequences of for example environmental 
pollution or vegetation characteristics in terms of taxonomic diversity or community 
composition.
5.1 Introduction
Despite their generally inconspicuous nature, terrestrial arthropods constitute one of 
the most prominent components of terrestrial ecosystems. They account for a large 
amount of biomass and represent a substantial proportion of all terrestrial biodiversity 
(Adis 1988, 1990; Basset et al. 2004; Nakamura et al. 2007; Stork 1988). The diversity 
and composition of terrestrial arthropod communities have widely been used as bio­
indicators for a variety of processes and habitat characteristics, including vegetation 
properties, river flooding regime, land use and management practices, ecosystem  
rehabilitation and soil contamination (e.g., Basset et al. 2004; Cartron et al. 2003; 
Gardner 1991; Irmler 2003). However, because of the large abundance and richness, 
considerable time and taxonomic expertise are required for sorting terrestrial 
arthropod samples and identifying individuals to the species level (Basset et al. 2004; 
Caruso and Migliorini 2006; Gardner et al. 2008; Lawton et al. 1998; Moreno et al. 2008). 
Common alternatives proposed to reduce time and economic efforts include shortening 
the sampling period (Biaggini et al. 2007; Caruso and Migliorini 2006), using morpho- 
species (Basset et al. 2004), selecting specific indicator species (Beccaloni and Gaston 
1995), and using data of higher taxonomic levels as surrogates for species (Andersen
1 9 9 5 ).
In general, the feasibility of higher taxonomic level surrogates is not agreed upon. 
Several studies point out that relatively coarse taxonomic data may give outcomes 
comparable to results obtained at the species level. For example, family richness was 
shown to be a good predictor of species richness for a variety of taxonomic groups, 
including plants, birds and bats, in different regions (Williams and Gaston 1994). In 
Victoria (Australia), stream classifications based on aquatic macroinvertebrates showed 
similar results for family, genus and species level data (Hewlett 2000). Likewise, the
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discriminatory power of oribatid mites in a Mediterranean area for pollution and fire 
disturbance was similar at the levels of family, genus and species (Caruso and Migliorini
2006). In contrast to these findings, several other studies indicate that the species level 
is most appropriate for biological monitoring. For example, an investigation of 
Australian ant fauna revealed only a weak relationship between genus richness and 
species richness, indicating that genera provide a poor surrogate for species (Andersen 
1995). Similarly, species level data were considered indispensable for assessing the 
riparian quality of three rivers in South Africa (Smith et al. 2007). A European water 
type characterisation based on aquatic macro-invertebrate communities revealed that 
the species (or ‘best available’) taxonomic level was more informative than the family 
level, as the latter led to a less distinct separation of sites (Verdonschot 2006). It has 
been concluded that further studies are needed to reveal whether results are mere 
region- or system-specific, or may reflect more generic patterns (Biaggini et al. 2007; 
Moreno et al. 2008).
Floodplains of large rivers are among the most fertile and richest ecosystems on 
earth, characterised by high landscape and biological diversity (Robinson et al. 2002; 
Ward et al. 2002). Nevertheless, these systems have been poorly investigated with 
respect to the taxonomic level most appropriate for monitoring biotic properties. Using 
a lowland floodplain area along the Rhine River for data collection, the present study 
aimed to compare four arthropod datasets of different taxonomic detail on their 
discriminatory power for various environmental factors. The arthropod datasets 
comprised ground-dwelling arthropods at class-order level (10 groups), beetle families, 
ground beetle genera and ground beetle species. The choice for beetles and ground 
beetles was made because they are relatively easy to identify and because they tend to 
show clear responses to a variety of environmental characteristics (Biaggini et al. 2007; 
Irmler 2003; Pohl et al. 2007; Uehara-Prado et al. 2009). The environmental conditions 
investigated included vegetation characteristics, hydro-topographic setting, physical- 
chemical soil properties and soil contamination levels. To relate the arthropod 
assemblages to these environmental characteristics, the method of variance partitioning 
was used. This is a multivariate statistical approach designed to attribute variation in 
community composition to specific explaining variables and thus particularly suited to 
assess the importance of different environmental factors relative to each other (Borcard 
et al. 1992; Peeters et al. 2000).
5.2 Methods
5.2.1 Study area
The Rhine River is one of the longest rivers in Europe, flowing from the Swiss Alps via 
Germany and the Netherlands to the North Sea. Shortly downstream of the border 
between Germany and the Netherlands, the Rhine splits in three main distributaries, i.e., 
the Waal, the Nederrijn and the IJssel (Fig. 1.1). The floodplains along these 
distributaries are generally embanked and cultivated. During the past century, large 
amounts of contaminated river sediment have been deposited in these areas 
(Middelkoop 2000). This has resulted in elevated concentrations of several 
contaminants, notably heavy metals, in the floodplain soils.
The ‘Wolfswaard’ floodplain area (51°57’19’ N; 5°39'30’ E) is located south of the city 
of Wageningen along the Nederrijn distributary (Fig. 1.1). The study area is embanked
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by a winter dike. In addition, there is a minor embankment parallel to the river at a 
distance of approximately 200 m from the middle of the channel. Land use in the study 
area comprises mainly extensive agriculture, with semi-natural grasslands in use for 
cattle grazing. A small part of the grassland area, which is surrounded by a hedgerow, is 
employed for sheep grazing and contains some scattered fruit trees. The banks of the 
river are covered by willow pollards. Sampling sites were selected at 30 locations, based 
on differences in vegetation and hydro-topographic setting (distance to the river, 
elevation, position relative to the minor embankment) that were apparent in the field.
5.2.2 Investigation o f  environmental characteristics
The coordinates of the sampling sites were recorded with an accuracy of 1 m using a 
hand-held GPS (Garmin Vista HCx) and the European Geostationary Navigation Overlay 
Service (EGNOS). The elevation of each sampling site was derived from the Netherlands’ 
5x5 m digital elevation model (www.ahn.nl). The average yearly flooding duration (days 
per year) was derived from daily river water level data covering the period 1999-2008. 
River water levels at the study area were based on measurements obtained at a gauging 
station approximately 10 km upstream, assuming an average water level drop of 3.8 
cm-km-1. This water level drop was calculated from linear interpolation of the average 
water levels measured at the upstream gauging station and at a gauging station 
approximately 20 km downstream (www.waterbase.nl). The unembanked sampling 
sites and the sites higher than the minor embankment were assigned the duration of 
river water levels exceeding their elevation; the embanked sites were assigned the 
duration of water levels exceeding the height of the embankment (9.10 m).
The 0-5  cm upper soil layer was sampled in August 2007. Within a radius of 1 m 
from the centre of each site, three soil samples were collected. The samples were pooled 
per site, mixed, and air-dried for 48 h at ambient room temperature. The pH was 
measured in a suspension of 10 g air-dried soil mixed with 25 ml deionised water (<10 
[J.S • cm-1), mixed 24 h before the measurement. Air-dried samples were oven-dried for 
determining the soil moisture content, based on the weight loss upon 24 h at 105 oC. Soil 
organic matter content (%) was determined by the weight loss upon ignition (4 h at 550 
oC) of ~  10 g oven-dried samples. The particle size distribution of the soil was analysed 
by means of laser diffraction (Malvern Master Sizer 2000 with Hydro 2000 G), 
performed on oven-dried samples sieved over 2000 [im. Prior to this analysis, samples 
were treated with 30% H2O2 and 10% HCl for detaching coagulating particles and 
dissolving organic matter. To determine the soil metal concentrations, 0.2 g dry weight 
soil of each sample was weighed on a Sartorius LA310S mass balance and digested in a 
mixture of 4 ml 65% HNO3 and 1 ml 30% H2O2 using a Milestone Ethos-D microwave. 
Total soil concentrations of arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), 
nickel (Ni), lead (Pb) and zinc (Zn) were determined with ICP-MS (X Series; Thermo 
Electron Cooperation).
Vegetation characteristics were investigated in May 2008. Using 3x3 m plots, 
vascular plant species covers were estimated according to a modified scale of Braun- 
Blanquet (Barkman et al. 1964). Nomenclature of the species followed Van der Meijden 
(2005). In addition, the total coverage and the average height of the herb layer were 
assessed. The 30 vegetation recordings, encompassing 73 plant species, were classified 
with TWINSPAN, a hierarchical divisive classification program (Hill and Smilauer 2005). 
To account for differences in coverage, five pseudospecies cut levels were distinguished: 
0, 5, 26, 51, and 76% (Hill and Smilauer 2005). The classification resulted in seven
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vegetation types, comprising river bank vegetation, four types of grassland, herbaceous 
floodplain vegetation, and hedgerow vegetation (Appendix 5.1).
Table 5.1 Mean, standard deviation (SD) and range of the environmental characteristics across the 
sampling sites (n = 30).
Environmental variable Mean (± SD) Minimum Maximum
elevation (m a.m.s.l.) 8.41 (± 0.75) 7.00 9.64
flooding duration (dyr-1) 25.1 (± 24.6) 7.10 106
herb layer coverage (%) 90.9 (± 17.9) 40.0 1 0 0
average herb height (m) 0.31 (± 0.26) 0.05 1 . 1 0
clay content (< 2  pm; %) 6.59 (± 2.23) 1.78 11.3
silt content (2 - 63 pm; %) 59.4 (±18.7) 17.3 84.0
sand content (63 - 2000 pm; %) 34.0 (± 20.6) 7.85 2 0 . 6
d50 (pm) 54.1 (± 83.2) 8.51 292
soil organic matter content (SOM; 11.4 (± 2.8) 5.30 16.1
pH 7.65 (± 0.16) 7.33 8.04
soil moisture content (%) 36.9 (± 7.6) 16.2 48.5
As (mg-kg- 1 dw) 8.17 (± 3.31) 3.31 14.7
Cd (mg-kg- 1 dw) 1.17 (± 0.80) 0.33 3.23
Cu (mg-kg- 1 dw) 35.9 (± 17.2) 12.3 76.8
Cr (mg-kg- 1 dw) 42.8 (± 24.8) 1 2 . 8 103
Hg (mg-kg- 1 dw) 0.94 (± 0.64) 0.36 3.76
Ni (mg-kg- 1 dw) 21.8 (± 6.94) 1 0 . 8 35.6
Pb (mg-kg- 1  dw) 77.4 (±33.0) 28.8 148
Zn (mg-kg- 1 dw) 205 (± 91) 66.3 413
5.2.3 Arthropod collection and identification
Soil-dwelling arthropods were collected monthly from April 2007 to April 2008. 
Sampling took place with pitfall traps with a diameter of 11 cm. The traps were filled 
with ~  3.7% formalin and a drop of detergent lotion to reduce surface tension. Each trap 
was sheltered by a square or octagonal wooden tile raised approximately 3 cm above 
the soil surface. Prior to each sampling event, the traps were opened for a period of 14 
days. Pitfall samples were stored in ~  3.7% formalin. Arthropods were first identified at 
the level of class (Chilopoda, Diplopoda), intra-class (Acari), or order (Araneae, 
Coleoptera, Dermaptera, Hemiptera, Hymenoptera, Isopoda, Opiliones). Because of the 
focus on soil-dwelling arthropods, the order of Hymenoptera was confined to the ants 
(Formicidae). These 10 groups, hereafter called ‘arthropod groups’, comprised the 
dataset at the coarsest taxonomic level. After this first identification stage, the beetles 
(Coleoptera) were further identified to family level. Of the beetle families, the ground- 
beetles (Carabidae) were selected for identification of genera and species. The beetle 
families were identified after Unwin (1988); identification of the ground-beetles 
followed Boeken et al. (2002) and Müller-Motzfeld (2004). To obtain consistency in the 
classification across the different taxonomic levels, the taxa identified were compared to 
the taxa included in the Dutch Species Catalogue (www.nederlandsesoorten.nl). In case 
of dissimilar names, the names of the Dutch Species Catalogue were adopted.
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5.2.4 Data analysis
In order to correct for occasionally missing arthropod samples, total arthropod numbers 
per sampling site were determined by calculating average numbers per site and 
multiplying by the total number of sampling events (13). Based on the total numbers per 
sampling site, the taxonomic richness (R), the Shannon index (H' Eq. 5.1) and the 
evenness (E; Eq. 5.2) were calculated across the study area for each of the four datasets.
H ' ln Pr (5 .1)
i =1
H '
E  = —  with H  max = ln R  (5.2)
max
where H’ = Shannon index; R = taxonomic richness (i.e., the number of taxa); pi = the 
relative abundance of each taxon, calculated as the proportional contribution of the 
number of individuals of that taxon to the total number of individuals within the dataset; 
E = evenness.
The environmental variables flooding duration, median grain size (d50) and average 
herb height showed right-skewed distributions and were log-transformed before further 
analyses. The relationships between the arthropod assemblages and the different 
environmental variables (Table 5.1) were assessed with variance partitioning (Borcard 
et al. 1992; Peeters et al. 2000). Prior to the variance partitioning, the total amount of 
variation in each arthropod dataset was assessed by determining the sum of all 
canonical eigenvalues with detrended correspondence analyses (DCA; CANOCO 4.0; Ter 
Braak and Smilauer 1998). DCA was also used to assess whether the arthropod 
assemblages followed linear or unimodal response models. The DCA was based on 
logarithmically transformed arthropod numbers (log (N + 1)) and revealed short or 
moderate gradients for each of the four arthropod datasets (gradient length < 3 SD). 
Hence, the variance partitioning was based on the linear method of redundancy analysis 
(RDA; CANOCO 4.0; Ter Braak and Smilauer 1998). For each environmental variable in a 
canonical analysis, a so-called variance inflation factor (VIF) is calculated which 
expresses the (partial) multiple correlation with other environmental variables. A VIF > 
20 indicates that a variable is almost perfectly correlated with other variables, which 
results in an unstable canonical coefficient for this variable (Ter Braak and Smilauer 
1998). Initial analyses revealed high VIFs for the grain size distribution parameters, i.e., 
clay fraction, silt fraction, sand fraction and median grain size. Of these, the median grain 
size was selected as representative grain size distribution parameter and the others 
were excluded from further analysis. Similarly, the total soil concentrations of As, Cd, Cr, 
Cu, Ni, Pb and Zn were characterised by high VIFs in the initial ordinations. A principal 
component analysis (PCA; SPSS 16.0) was executed on the soil metal concentrations in 
order to reduce the amount of variables while preserving the main part of the variation. 
As the first principal component accounted for over 92% of the variation in the soil 
metal concentrations, the remaining components were discarded and for each sampling 
site the soil metal concentrations were replaced by the site score on the first component 
(Schipper et al. 2008b). Thus, the eventual variance partitioning analyses were 
performed with 10 environmental variables divided into four groups: vegetation 
characteristics (vegetation type, total herb layer coverage, average herb layer height),
64
taxonomic resolution in arthropod assemblages
physical-chemical soil characteristics (pH, soil organic matter, soil moisture content, 
median grain size), hydro-topographic setting (elevation, flooding duration) and soil 
metal contamination (site scores on the first principal component of the soil metal 
concentrations). Monte-Carlo permutation tests were performed to test the significance 
of each set of environmental variables for structuring the arthropod assemblages (Ter 
Braak and Smilauer 1998).
5.3 Results
In total, 42096 arthropods were collected (Appendix 5.2; Appendix 5.3). The most 
abundant groups comprised the spiders (Araneae; 26%), beetles (Coleoptera; 21%), 
mites (Acari, 18%), ants (Formicidae; 14%) and isopods (Isopoda; 8%). For the beetles, 
32 families and 9009 individuals were identified. The most abundant families were the 
Staphilinidae (35%) and the Carabidae (29%), followed by the Curculionidae (9%), 
Hydrophilidae (6%), Elateridae (4%), Cryptophagidae (4%), Chrysomelidae (3%) and 
Leiodidae (3%). All other families made up less than 2% of the total number of 
individuals. The ground-beetle species (Carabidae) comprised 2600 individuals 
belonging to 30 genera and 68 species. Pterostichus melanarius accounted for 33% of the 
total number of individuals. Other frequently encountered species were Nebria 
brevicollis (17%), Harpalus rufipes (8%), Anchomenus dorsalis (4%), Bembidion gilvipes 
(3%), Bembidion properans (3%), Harpalus affinis (3%), Carabus monilis (3%) and 
Poecilus cupreus (3%). Remaining species made up less than 2% of the total number of 
individuals.
On average, the taxonomic richness was higher for the beetle families and ground- 
beetle species than for the other datasets, whereas the evenness was highest for the 
arthropod groups (Table 5.2). According to the coefficients of variation, the spatial 
variation in abundance, richness, diversity and evenness was lowest for the arthropod 
groups and tended to increase towards the ground beetle species (Table 5.2). Similarly, 
the total variation in the arthropod datasets, as expressed by the sum of canonical 
eigenvalues generated by the DCA analysis, clearly increased with increasing taxonomic 
detail (arthropod groups: 0.068; beetle families: 0.650; ground beetle genera: 1.238; 
ground beetle species: 2.355). The variance partitioning for the different arthropod 
datasets showed comparable results (Fig. 5.1; Table 5.3). For all datasets, the major part 
of the variation (i.e., 66 to 78%) could be explained by the environmental variables 
investigated, leaving 22 to 34% of stochastic or unexplained variance (Fig. 5.1). In 
general, vegetation characteristics were most important in explaining variance in 
taxonomic composition, accounting for 31 to 38% of the total variation in the datasets 
(Fig. 5.1; Table 5.3). Monte-Carlo permutation tests revealed that the effect of vegetation 
was significant (p < 0.05) for each dataset (Table 5.3). Soil characteristics were 
responsible for 7 to 10% of the variation in taxonomic composition. The contribution of 
the soil characteristics was significant (p < 0.05) for the arthropod groups, but not for 
the three beetle datasets. Hydro-topographic setting accounted for another 3 to 7% of 
the variation and was significant (p < 0.05) for the ground beetle genera. Soil heavy 
metal contamination explained only a minor part of the variance (2 to 4%), with a 
slightly higher contribution for the ground beetles than for the other two datasets. 
Besides, its contribution was significant for the ground beetle genera (p < 0.05) and 
nearly significant for the ground beetle species (p = 0.05).
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Table 5.2 Number of individuals (n), richness (R), evenness (E) and Shannon index (H') averaged 
across the sampling sites (n = 30) for the different arthropod datasets.
Dataset Mean SD a bVC Difference c
Number of individuals (n) Arthropod groups 1504 459.9 0.31 a
Beetle families 319 97.4 0.30 b
Ground beetle genera 94 57.7 0.61 c
Ground beetle species 94 57.7 0.61 c
Richness (R) Arthropods groups 9 0.7 0.07 a
Beetle families 14 2.9 0.21 b
Ground beetle genera 10 2.6 0.25 a
Ground beetle species 16 4.8 0.31 b
Evenness (E) Arthropods groups 0.79 0.05 0.07 a
Beetle families 0.65 0.06 0.09 b
Ground beetle genera 0.71 0.12 0.17 b
Ground beetle species 0.71 0.13 0.19 b
Shannon index (H') Arthropods groups 1.75 0.14 0.08 ab
Beetle families 1.71 0.20 0.12 ab
Ground beetle genera 1.66 0.34 0.21 a
Ground beetle species 1.93 0.43 0.22 b
a SD = standard deviation 
b CV = coefficient of variation (SD m ean-1)
c Different letters indicate significant differences (p < 0.05) according to one-way ANOVA with
Games-Howell post-hoc tests.
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
>■ unexplained variance
> shared variance
contamination 
-  hydro-topography
soil
>- vegetation
arthopod be etle ground beetle ground beetle
groups families genera species
Fig. 5.1 Variance partitioning for different arthropod datasets based on redundancy analysis (RDA).
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Table 5.3 Results of the variance partitioning for the four arthropod datasets.
Dataset Variables a Co-variables a Sum of 
unconstrained 
eigenvalues
Sum of 
canonical 
eigenvalues
Variance
explained
p-value
Arthropod groups V, S, H, C - 1 . 0 0 0 0.776 77.6 0.005
V S, H, C 0.601 0.377 37.7 0.005
S V, H, C 0.327 0.104 10.4 0.040
H V, S, C 0.255 0.031 3.1 0.395
C V, S, H 0.247 0.024 2.4 0.165
Beetle families V, S, H, C - 1 . 0 0 0 0.663 66.3 0.005
V S, H, C 0.649 0.313 31.3 0.015
S V, H, C 0.428 0.092 9.2 0.535
H V, S, C 0.373 0.036 3.6 0.750
C V, S, H 0.360 0.023 2.3 0.460
Ground beetle genera V, S, H, C - 1 . 0 0 0 0.746 74.6 0.005
V S, H, C 0.594 0.340 34.0 0.005
S V, H, C 0.325 0.071 7.1 0.505
H V, S, C 0.320 0.066 6 . 6 0.030
C V, S, H 0.295 0.042 4.2 0.025
Ground beetle species V, S, H, C - 1 . 0 0 0 0.694 69.4 0.005
V S, H, C 0.614 0.308 30.8 0.005
S V, H, C 0.385 0.079 7.9 0.670
H V, S, C 0.365 0.059 5.9 0.125
C V, S, H 0.349 0.043 4.3 0.050
a V = vegetation; S = soil; H = hydro-topographic setting; C = contamination
Ordination of the sampling sites based on all 10 environmental variables showed that 
the hedgerow sites could be clearly discriminated from the other sampling sites (Fig. 
5.2). The sites surrounded by the hedgerow (i.e., grassland with scattered fruit trees) 
could also be easily distinguished, although for the arthropod groups this cluster 
showed somewhat more overlap with other sampling sites than for the other datasets. 
In contrast, the arthropod group dataset was more distinctive for the river bank 
vegetation than the three beetle datasets. For none of the four datasets, the sites located 
within the different floodplain grassland types or the herbaceous floodplain vegetation 
could be clearly distinguished from each other. The so-called indicator value method of 
Dufrêne and Legendre (1997) was used to identify indicator arthropod taxa for the 
vegetation types. The indicator value is a composite measure of a taxon’s relative 
abundance (specificity) and relative frequency of occurrence (fidelity) within a specific 
vegetation type. The value ranges up to 100% if a taxon is present in only one vegetation 
type (maximum specificity) and in all sampling sites belonging to this type (maximum 
fidelity). Significant indicator taxa for the hedgerow could be found for all datasets 
(Table 5.4). The beetle family dataset contained indicators for two more vegetation 
types, i.e., grassland with scattered fruit trees and herbaceous floodplain vegetation. 
Indicator taxa for river bank vegetation were found within the ground beetle datasets 
only. Numbers of taxa occurring in only one vegetation type were 0, 1, 1 and 3 for the 
arthropod groups, beetle families, ground beetle genera and ground beetle species, 
respectively.
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Fig. 5.2 Ordination of the sampling sites with respect to the first two RDA axes for the different 
arthropod datasets. Different symbols indicate different vegetation types: ♦ = hedgerow; ■ = 
grassland with scattered fruit trees; ▲ = river bank vegetation; x = herbaceous floodplain; □ = 
floodplain grassland (1); A = floodplain grassland (2); + = floodplain grassland (3). The ellipses 
emphasise the sites with hedgerow vegetation, river bank vegetation or grassland with scattered fruit 
trees vegetation.
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Table 5.4 Significant (p < 0.05) indicator taxa for the vegetation types. The significance was tested 
with a random reallocation procedure comprising 500 permutations. IV = Indicator Value; n = number 
of vegetation types.
Dataset Taxon IV (%) Preferred vegetation type n
Arthropod groups Isopoda 33.9 hedgerow 7
Dermaptera 91.9 hedgerow 3
Coleoptera 2 0 . 0 hedgerow 7
Beetle families Cantharidae 60.0 hedgerow 1
Elateridae 39.8 herbaceous floodplain 7
Lampyridae 68.4 hedgerow 2
Latridiidae 39.1 hedgerow 6
Nitidulidae 60.9 hedgerow 4
Scarabaeidae 38.8 grassland with scattered fruit trees 5
Scydmanidae 49.2 hedgerow 3
Silphidae 39.5 herbaceous floodplain 7
Ground beetle genera Anchomenus 56.0 hedgerow 7
Bembidion 37.9 river bank vegetation 7
Leistus 1 0 0 . 0 hedgerow 1
Limodromus 76.5 hedgerow 3
Nebria 47.0 hedgerow 6
Notiophiius 55.0 hedgerow 4
Panagaeus 47.5 herbaceous floodplain 5
Ground beetle species Agonum micans 61.4 river bank vegetation 2
Amara aenea 74.1 grassland with scattered fruit trees 3
Anchomenus dorsaiis 56.0 hedgerow 7
Bembidion tetracoium 99.3 river bank vegetation 2
Leistus fulvibarbis 80.0 hedgerow 1
Leistus rufomarginatus 60.0 hedgerow 1
Limodromus assimilis 76.5 hedgerow 3
Nebria brevicoHis 47.0 hedgerow 6
Notiophiius biguttatus 80.0 hedgerow 1
Panagaeus cruxmajor 47.5 herbaceous floodplain 5
5.4 Discussion
5.4.1 Limitations o f  the presen t analysis
We compared four arthropod datasets of different taxonomic detail on their 
discriminatory power for various environmental characteristics in a lowland floodplain 
area along the Rhine River. The datasets comprised arthropod groups at class-order 
level (n = 10), beetle families (n = 32), ground beetle genera (n = 30) and ground beetle 
species (n = 68). The variance partitioning showed similar results for the different 
datasets, suggesting that their discriminatory power for floodplain characteristics is 
comparable. The focus on beetles and ground beetles, however, inevitably raises the 
question whether the results are specific to these groups or of a more generic nature. 
More specifically, one may wonder whether genera and species of for example ants, 
isopods, harvestmen or other beetle families would actually have shown larger 
discriminator power for the environmental variables investigated. One way to consider 
this question is to examine typical ratios among numbers of orders, families, genera and 
species. The lower these ratios, the larger will be the similarities between responses and
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properties across different taxonomic levels (Lenat and Resh 2001). Conversely, high 
ratios could then indicate that a higher degree of taxonomic detail would increase the 
discriminatory power of the taxa. Considering the taxonomic diversity specific to the 
Netherlands, the order of the beetles (Coleoptera) is rather rich in both families and 
species in comparison to most of the other groups investigated (Dutch Species 
Catalogue; www.nederlandsesoorten.nl). For example, the order of isopods (Isopoda) 
comprises 27 families including 306 species. The family of ants (Formicidae) includes 66 
species; the 4 families of harvestmen (Opiliones) together comprise only 30 species. The 
order of beetles (Coleoptera) is divided into 112 families including no less than 4116  
species, with the ground beetle family (Carabidae) representing the third most species- 
rich beetle family in the Netherlands (390 species), after the Staphilinidae and the 
Curculionidae. Although it cannot be excluded that certain species and genera within 
other arthropod families will be more discriminative with respect to the environmental 
characteristics investigated, the rather high ratios of family: order (112) and species: 
family (390) indicate that the influence of these floodplain characteristics on arthropod 
assemblages is not severely underestimated by the choice for beetles and ground 
beetles.
5.4.2 Taxonomic level required fo r  biomonitoring
The present body of knowledge is ambiguous with respect to the taxonomic level most 
suited for biological monitoring. Several studies have concluded that investigations on 
high taxonomic levels give outcomes comparable to results obtained at the species level 
(Biaggini et al. 2007; Cardoso et al. 2004; Hirst 2008; Sánchez-Moyano et al. 2006), 
whereas several others indicate that species data are most appropriate (Andersen 
1995; Nahmani et al. 2006; Verdonschot 2006). One explanation for these seemingly 
conflicting findings might be that the taxa investigated in the different studies show a 
different degree of taxonomic bifurcation. The extent to which species assemblages are 
mirrored by higher taxonomic level assemblages depends upon the diversity of the 
fauna being considered (Andersen 1995; Marshall et al. 2006). Where only a few species 
are present per higher level taxon and higher level taxa are numerically dominated by a 
single species, higher level data can adequately represent species patterns. Where 
diversity is higher, it may be necessary to actually investigate genera or species, because 
higher taxa may have undergone adaptive radiation and the species within for example 
one family are less likely to share common ecological tolerances and preferences 
(Marshall et al. 2006; Sánchez-Moyano et al. 2006; Verdonschot 2006). The degree of 
taxonomic bifurcation might actually explain why several studies performed in marine 
environments emphasise the feasibility of higher taxonomic level investigations 
(Olsgard et al. 1998; Sánchez-Moyano et al. 2006; Stark et al. 2003; Warwick 1988), as 
there are on average substantially fewer species per higher taxon in the marine 
environment than on land (Vincent and Clarke 1995; Williams and Gaston 1994).
Another explanation for the ambiguity in the literature might relate to the range of 
environmental characteristics covered by the respective studies. Higher taxonomic 
units may aggregate species with different ecological tolerances and preferences, 
resulting in a wider variety of ecological response and thus wider distribution ranges. 
Hence, higher taxonomic units are less likely to reflect responses to subtle 
environmental gradients. However, distinctly different environmental conditions might 
require such different physiological or ecological adaptation strategies that tolerance 
ranges might become exceeded not only for species, but also for aggregated taxonomic
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groups. Indeed, studies pertaining to sites that are distinctly different with respect to for 
example land use or the degree of human disturbance showed that relatively coarse 
taxonomic arthropod data were sufficient to discriminate between the sites, despite a 
relatively large degree of taxonomic bifurcation (Biaggini et al. 2007; Nakamura et al.
2007). The lowland floodplains along the Rhine River in the Netherlands are 
characterised by considerable environmental heterogeneity, due to both natural 
processes and human influences (Schipper et al. 2008a). On a small spatial scale, 
relatively large variation can be found in, for example, elevation, flooding, soil 
characteristics and vegetation types. Such a wide range of environmental conditions 
might require such different physiological or ecological adaptations that arthropod 
assemblages show clear spatial variation not only at low, but also at higher taxonomic 
levels. This likely explains why indicator taxa for a distinct vegetation type like the 
hedgerow were found not only among the ground beetles and beetles, but even among 
the rather coarse arthropod groups at class-order level.
In addition to the degree of taxonomic bifurcation and the degree of environmental 
heterogeneity, differences in research goals might explain why the literature is 
inconclusive concerning the taxonomic level most suited for biological monitoring. If a 
study aims to detect the influence of perturbations or distinct environmental 
characteristics on organism distribution, identification to family or maybe even order 
level can be sufficient. However, if the goal is to detect small between-site differences in 
environmental characteristics and to provide an interpretation of the ecological 
consequences, it might be necessary to perform identification at lower taxonomic levels 
(Basset et al. 2004; Lenat and Resh 2001). The lower the taxonomic level, the more 
specific and thus informative a taxon’s distribution becomes (Williams and Gaston 
1994). Indeed, the ground beetle family as a whole (Carabidae) was no significant 
indicator for any of the vegetation types, whereas 10 of the species within this family 
were significant indicators for four different vegetation types (Table 5.4). The higher 
specificity of taxa at lower taxonomic levels may also explain why the ground beetle 
genera and species showed a significant relationship with soil heavy metal 
contamination, whereas no significant relationship with soil contamination could be 
detected for the beetle families and the arthropod groups (Table 5.3).
Summarizing, the question concerning the most appropriate taxonomic level for 
biological monitoring cannot be answered by rigidly recommending one level of 
taxonomy (Lenat and Resh 2001). The level required depends on the taxonomic 
bifurcation of the focal taxa, the range of environmental characteristics covered, and the 
objectives of the study. The results of the present investigation suggest that in clearly 
heterogeneous environments such as lowland floodplains, relatively coarse taxonomic 
data can provide a sound indication of the relative importance of different 
environmental factors for structuring arthropod communities. Hence, if sorting and 
identification to species level is not possible due to limited resources or taxonomic 
knowledge, investigations at the family or order level can provide valuable insight in the 
importance of for example soil pollution relative to the influence of other environmental 
characteristics. However, for investigating the consequences of environmental pollution 
or vegetation characteristics in terms of taxonomic diversity or community composition, 
a higher degree of taxonomic detail will be beneficial.
71
Chapter 5
Acknowledgements
We are very grateful to Nico van den Brink (Alterra Wageningen) for providing us with the 
pitfall trapping equipment. Further, we thank Giel Ermers, Stefan Saalmink, Raymond Sluiter, 
Han Schipper and Jetske Schipper for occasional assistance in the field, and Jan Kuper and Theo 
Peeters for occasional help with arthropod identification. We would like to thank Jelle 
Eygensteyn for executing the ICP-analyses and Kim Vermonden for her suggestions to improve 
the manuscript. The Data-ICT-Dienst of the Dutch Ministry of Transport, Public Works and 
Water Management is acknowledged for granting a user license (RUN-20070306) for the 
elevation data of the study area. The laser diffraction analysis was executed by the geological 
research institute TNO Built Environment and Geosciences. This research project was financially 
supported by the Netherlands Organisation for Scientific Research (NWO-LOICZ contract 
014.27.007).
72
Chapter
The distribution of a threatened migratory bird 
species in a patchy landscape: a multi-scale analysis
Aafke M. Schipper 
Kees Koffijberg 
Marije van W eperen  
Guido Atsma  
Ad M.J. Ragas 
A. Jan Hendriks 
Rob S.E.W. Leuven
L an dscape E cology: accepted for publication
Chapter 6
Abstract
Understanding the driving forces behind the distribution of threatened species is critical to set 
priorities for conservation measures and spatial planning. Here, we examine the distribution of a 
globally threatened bird, the corncrake (Crex crex), in the lowland floodplains of the Rhine River, 
which provide an important breeding habitat for the species. We related corncrake distribution 
to landscape characteristics (area, shape, texture, diversity) at three spatial scales: distinct 
floodplain units ('floodplain scale’), circular zones around individual observations ('home range 
scale’), and individual patches ('patch scale’) using logistic regression. Potential intrinsic spatial 
patterns in the corncrake data were accounted for by including geographic coordinates and an 
autocovariate as predictors in the regression analysis. The autocovariate was the most 
important predictor of corncrake occurrence, probably reflecting the strong conspecific 
attraction that is characteristic of the species. Significant landscape predictors mainly pertained 
to area characteristics at the patch scale and the home range scale; the probability of corncrake 
occurrence increased with potential habitat area, patch area, and nature reserve area. The 
median potential habitat patch size associated with corncrake occurrence was 11.3 ha; 90% of 
the corncrake records were associated with patches at least 2.2 ha in size. These results indicate 
that the corncrake is an area-sensitive species, possibly governed by the males’ tendency to 
reside near other males while maintaining distinct territories. Our results imply that corncrake 
habitat conservation schemes should focus on the preservation of sufficient potential habitat 
area and that existing management measures, like delayed mowing, should be implemented in 
relatively large, preferably contiguous areas.
6.1 Introduction
Understanding the driving forces behind species distribution patterns is critical to 
wildlife conservation, as it can help in designing and implementing appropriate 
conservation measures (Ormerod et al. 1999; Rushton et al. 2004; Umetsu et al. 2008; 
Schippers et al. 2009). Until recently, species distribution patterns have mostly been 
investigated at relatively small spatial scales, focusing on fine-grained habitat 
characteristics (Gregory and Baillie 1998; Sanchez-Zapata and Calvo 1999; Radford et al.
2005). However, species distributions may result from processes and factors acting at 
different spatial scales (Wiens 1989), and landscape context may have an important 
influence on species abundance and composition within specific habitat patches (Baillie 
et al. 2000; Radford et al. 2005; Renfrew and Ribic 2008). Hence, large-scale studies can 
be considered complementary to studies focusing on fine-grained habitat characteristics 
and are critical to the theory and management of populations (Wiens 1976; Gregory and 
Baillie 1998; Radford et al. 2005).
In recent decades, the possibilities for investigating large-scale species distribution 
patterns have improved considerably. Extensive and well-organised networks of 
volunteers are now available to assist in the acquisition of species data over relatively 
large areas (Van Turnhout et al. 2007), whereas the increasing accessibility of remotely 
sensed imagery has greatly reduced the cost of obtaining landscape and habitat 
information (Leuven et al. 2002; Rushton et al. 2004). Investigations of large-scale 
species-environment relationships often focus on birds, as the high mobility and wide- 
ranging movement patterns characteristic of this taxonomic group are very pertinent to 
large-scale ecology (Ormerod and Watkinson 2000). Birds commonly respond to habitat 
characteristics and landscape factors at various spatial scales depending on their life- 
history traits, habits and habitat requirements (Sanchez-Zapata and Calvo 1999; Villard
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et al. 1999; Graham and Blake 2001; Herrando and Brotons 2002; Grand and Cushman 
2003; Martinez et al. 2003; Koper and Schmiegelow 2006; López-López et al. 2006; 
Coreau and Martin 2007; Renfrew and Ribic 2008; Boscolo and Metzger 2009). As the 
influences of habitat and landscape characteristics on species distributions differ 
according to species and spatial scale (Villard et al. 1999; Grand and Cushman 2003; 
Boscolo and Metzger 2009), species-specific investigations are necessary to reveal 
information relevant for species-specific conservation practices. At the same time, 
species-specific research will extend the overall body of knowledge, which may 
ultimately help to reveal potential generic mechanisms behind species’ distribution 
patterns.
Here, we examined the distribution of the corncrake (Crex crex), a globally 
threatened migratory bird species, in the Rhine River floodplains in the Netherlands, 
which provide an important breeding habitat for the species (Fig. 6.1). Fine-grained 
characteristics of corncrake habitats, mainly pertaining to vegetation structure and 
mowing regimes, have been studied extensively (Green and Stowe 1993; Schäffer and 
Münch 1993; Green 1996; Green et al. 1997a; Wettstein et al. 2001; Keiss 2005; Berg 
and Gustafson 2007). Yet, relatively little is known about possible influences of the 
landscape context on corncrake distribution. Using a geographic information system  
(GIS) with corncrake records and landscape information, we aimed to identify potential 
relationships between corncrake occurrence and landscape characteristics pertaining to 
area, shape, texture and diversity. Assuming a spatially hierarchical process of habitat 
selection (Johnson 1980; Martinez et al. 2003), landscape characteristics were 
determined at three spatial scales, i.e., for distinct floodplain units (‘floodplain scale’), 
for circular 250-m zones around individual observations (‘home range scale’), and for 
individual patches (‘patch scale’). Species-landscape relationships were quantified with 
logistic regression analysis, thereby controlling for potential intrinsic spatial patterns in 
the corncrake data.
year
Fig. 6.1 Numbers of singing male corncrakes observed in the Netherlands during the breeding season 
from 1980 onwards. Adapted from Koffijberg and Schoppers (2009).
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6.2 Methods
6.2.1 Study species
The corncrake (Crex crex) is a migratory bird species belonging to the rail family 
(Gruiformes: Rallidae). It winters in southeastern Africa and breeds in large parts of 
Eurasia, with a breeding range extending from about 41o N to 62o N and reaching into 
western Siberia as far as 120o E (Green et al. 1997a). The original breeding habitats of 
the corncrake probably included riverine meadows and alpine, coastal and fire-created 
grasslands. Today, corncrakes are strongly associated with agricultural and semi-natural 
grasslands used for hay production, where the vegetation is tall enough to provide cover 
and sufficiently open to allow movement (Green et al. 1997a; Schäffer 1999; Wettstein et 
al. 2001; Keiss 2005). Throughout the past century, corncrake populations have steeply 
declined, especially in the western part of the breeding range. This has resulted in a 
fragmented distribution and inclusion on the IUCN Red List of species (Green et al. 
1997a; IUCN 2010). The decline has often been ascribed to the intensification of 
agricultural practices, in particular earlier and mechanised mowing, which result in the 
destruction of nests and high mortality rates among both adults and chicks (Braaksma 
1962; Stowe et al. 1993; Green et al. 1997a; Green et al. 1997b).
6.2.2 Study area
The Rhine River is one of the longest rivers in Europe, flowing from the Swiss Alps to the 
North Sea via Germany and the Netherlands. Just downstream of the border between 
Germany and the Netherlands, the Rhine splits into three main distributaries, i.e., the 
Waal, the Nederrijn and the IJssel (Fig 6.2), which account for approximately two thirds, 
two ninths and one ninth of the Rhine’s total discharge, respectively. The floodplains 
along the Rhine River are generally embanked and are strongly cultivated, which has 
resulted in a patchy landscape with high contrast edges between the different parcels. 
Land use is mainly agricultural, with meadows and grasslands covering most of the area, 
leaving little room for floodplain lakes, herbaceous areas, arable land and woodland 
(Thonon 2006). The floodplain meadows and grasslands, in particular when associated 
with a relatively late mowing date (after 15 June), account for an important share of the 
corncrake breeding habitat within the Netherlands (Koffijberg and Schoppers 2009).
6.2.3 Corncrake census
Visual detection of corncrakes is severely hampered by the secretive habits of the birds, 
which are usually concealed in tall grass (Schäffer and Green 2001). Therefore, 
corncrake occurrence and distribution are typically determined by counting singing 
males (Schäffer 1995; Tyler and Green 1996). After sunset between mid-May and early 
July, male corncrakes defend their territories and try to attract females by producing the 
characteristic rasping ‘crx crx’ sound on which the species’ scientific name is based. 
Males sing more or less continuously between 11:00 pm and 3:00 am at stable singing 
sites, and their songs can be heard over considerable distances (500 - 1000 m), ensuring 
a very high probability of detection (Stowe et al. 1993; Wettstein et al. 2001; Skliba and 
Fuchs 2004). As females and nests are usually located within 100 m of a singing male, 
singing males are assumed to be indicative of the locations of breeding sites (Tyler and 
Green 1996; Schäffer 1999). Since 2001, SOVON Dutch Centre for Field Ornithology has 
organised national simultaneous surveys of singing corncrake males. Simultaneous
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surveys are conducted twice per breeding season, and additional observations of singing 
males are recorded as well, yielding a complete nationwide database of corncrake 
observations. Observers either plot the locations of the singing birds on a topographic 
map in an online GIS or report them as topographic map grid cells (at a resolution of 10 
m, 100 m or 1000 m). The present study is based on records of observations from 2001  
to 2007. Singing sites reported in terms of 1000-m resolution grid cells were excluded 
(n=21). The remaining singing sites reported as grid cells were assigned the coordinates 
of the centre of the cell.
Fig. 6.2 Corncrake records (2001-2007) along the three Rhine River distributaries in the Netherlands.
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6.2.4 Implementation in GIS
Singing site coordinates (n=524) were entered into a GIS (ArcGIS 9.2), which contained 
maps depicting ecotopes, nature reserves, and floodplain sections. The ecotopes map 
(Ministry of Transport 2005) was used to distinguish the different patches making up 
the landscape. Ecotopes are distinct landscape units that are more or less homogeneous 
with respect to geomorphology, hydrology, vegetation structure and land use. The 
ecotopes map was derived from false colour aerial photographs (scale 1: 10,000) and 
auxiliary information on elevation and inundation characteristics (Houkes 2008; 
Geerling et al. 2009). The classification has an overall accuracy of 71% based on a 
validation with 417 field observations (Houkes 2008). Based on the error matrix 
reported in Houkes (2008), we calculated a kappa statistic (Congalton 1991) of 0.64 for 
the ecotope classification. The maps depicting nature reserves delineated the properties 
of two major nature conservation organisations in the Netherlands, 
‘Natuurmonumenten’ and ‘Staatsbosbeheer’. These were included to check for the 
influence of nature conservation measures on corncrake distribution, because floodplain 
nature reserves mostly comprise natural grasslands with a relatively late mowing date, 
thus providing more opportunities for settlement than regular grasslands, which are 
usually mown before corncrakes’ arrival (Koffijberg and Van Dijk 2001; Koffijberg and 
Schoppers 2009). The floodplain map (Ministry of Transport 2002) was used to identify 
units for determining landscape characteristics at the floodplain scale (see below). The 
floodplain units are enclosed by distinct landscape elements, like dikes, roads, the river 
channel, or water bodies like side channels. The boundaries have an approximate 
accuracy of 2.5 m (Lars Brugman; Ministry of Transport, Directorate General for Public 
Works and Water Management; personal communication).
6.2.5 Determination o f  landscape characteristics
Landscape characteristics were determined based on the ecotopes and nature reserve 
maps. This was done at three spatial scales: floodplain units, as described in section
6.2.4 (hereafter called ‘floodplain scale’); circular zones around individual corncrake 
observations (hereafter called ‘home range scale’), and individual patches (i.e., ecotopes) 
in which corncrakes were recorded (hereafter called ‘patch scale’). The patch and 
floodplain units were considered relevant as they were delineated based on distinct 
landscape elements (parcel boundaries, dikes, roads, channels) that corncrakes may 
perceive as physical boundaries in the landscape. The circular zones were used as 
tentative representations of home ranges. A radius of 250 m was used (Fig. 6.3) as 
nearly 80% of the corncrake observations in a radio-telemetry study conducted in the 
northern part of the IJssel valley were located within 250 m of a singing site (Koffijberg 
et al. 2007). The following landscape characteristics were determined: patch area (PA; 
ha), patch shape (PS), floodplain area (FA; ha), floodplain shape (FS), nature reserve 
area (NRA; ha), patch density (PD; n h a -1), landscape richness (patch richness density; 
PRD; n h a -1), landscape evenness (Simpson’s evenness index; SIEI) and potential habitat 
area (PHA; ha). The area characteristics (FA, PA, PHA and NRA) were included to reveal 
whether the corncrake has minimum area requirements. PHA and NRA were calculated 
as the total area of potential habitat ecotopes or nature reserves, respectively, within 
each home range or floodplain section. Potential habitat ecotopes were identified based 
on the associations found between corncrake records and ecotope types (Appendix 6.1). 
However, corncrake census data are inevitably associated with spatial uncertainty,
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because corncrake surveys are performed after sunset and the exact locations of the 
singing birds are difficult to estimate from a distance. As the floodplain landscape is very 
heterogeneous (Fig. 6.3), even small inaccuracies in the corncrake coordinates may 
easily result in records being attributed to neighbouring ecotopes. Extensive research on 
fine-grained corncrake habitat characteristics has revealed that the species is strongly 
associated with agricultural and semi-natural grasslands and that it prefers dryer 
conditions than most other rail species (Green et al. 1997a). This indicates that 
associations of corncrake records with, for example, water, marsh and forest ecotopes 
(Appendix 6.1) reflect uncertainty in the coordinates rather than the species’ ecotope 
preferences. Therefore, we defined potential corncrake habitat as ecotope types that 
matched corncrake habitat characteristics reported in the literature (i.e., grasslands and 
herbaceous vegetation) and that were supported by a substantial part of the records, i.e., 
were associated with at least 20 records each (Appendix 6.1). The PHA determined 
based on this cut-off was highly correlated with PHA based on a less conservative cut-off 
of 10 records (floodplain scale: rs = 0.97; home range scale: rs = 0.93), indicating that a 
more relaxed cut-off would have had little influence on the regression analysis. The 
shape indices (FS, PS) were calculated as the floodplain or ecotope perimeter divided by 
the minimum perimeter possible for a maximally compact (i.e., circular) shape of the 
corresponding area. Thus, these indices provide information on the proportion of edge 
habitat. The patch density (PD) describes the texture of the landscape with regard to the 
tendency of ecotopes to be spatially aggregated or interspersed. Shape indices and PD 
are relevant in the context of landscape and habitat fragmentation, which is expected to 
result in increasing shape indices (higher edge-to-interior ratios) and increasing 
numbers of patches per unit of area (McGarigal et al. 2002). The patch richness density 
(PRD) and the landscape evenness (SIEI) together reflect landscape diversity. PRD refers 
to the number of different ecotope types per unit of area. SIEI measures the distribution 
of area among the different ecotope types, expressed as an index ranging between 0 and 
1 (Eq. 6.1):
m
1 - Z  P 2
SIEI = ---- (6.1)
1- Ë  )
where P i represents the proportion of the landscape occupied by patch type i and m represents 
the number of ecotope types present in the landscape. The index equals 0 when the 
landscape contains only one ecotope, i.e., when there is no diversity, and increases as the 
distribution of area among different ecotope types becomes increasingly even. When the 
proportional abundance is exactly the same for the different ecotope types, the index 
equals 1 (McGarigal et al. 2002).
6.2.6 Spatial predictor variables
Species distributional data are often characterised by intrinsic spatial patterns that 
cannot be explained by environmental characteristics (Borcard et al. 1992; Augustin et 
al. 1996; Dormann et al. 2007). As such patterns may obscure species-environment 
relationships, they need to be controlled for in the analysis (Lichstein et al. 2002). To 
account for possible large-scale trends, the geographical coordinates of the observations
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were added as predictor variables (Jaberg and Guisan 2001). To account for small-scale 
spatial autocorrelation, autocovariate terms were defined (Augustin et al. 1996). For 
each site i, the autocovariate AU was calculated as:
A U i j w  • y jj=1
1with w H = —
(6.2)
(6.3)
where yj is the response value y  at site j  among site i’s set of n neighbours within a 
certain search radius; w j is the weight given to site j ’s influence over site i; and hj is the 
distance between site j  and site i (Dormann et al. 2007). The response variable yj was 
set to 1 to represent corncrake presence (Augustin et al. 1996). Autocovariates were 
computed for three alternative search radii, i.e., 500 m, 1000 m and 1500 m.
ecotope • corncrake record
( ) 250 m zone 0 1 km
water -------  floodplain boundary W
Fig. 6.3 Example of a floodplain section including ecotope distribution and corncrake records with 
corresponding 250-m zones.
6.2.7 Regression analysis
We used logistic regression to relate the corncrake records to the predictor variables. 
Logistic regression is a technique to evaluate the relationships between a binomial 
response variable (i.e., corncrake presence or absence) and one or more predictor 
variables (i.e., the landscape characteristics and spatial predictor variables). The 
analysis was based on corncrake records in potential habitat ecotopes (n = 372) to 
exclude potential influences of patch characteristics (area, shape) associated with 
ecotopes that are no suitable corncrake habitats (e.g., water, forest or marsh ecotopes).
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Absence locations were selected within potential habitat patches that were located at 
least 500 m from any singing site location to prevent overlap between the circular zones 
of the presence and the absence locations. In each potential habitat patch, one absence 
location was randomly selected, yielding 1507 absence locations. Landscape 
characteristics and spatial terms for these absence sites were determined according to 
the procedure used for the singing site records, whereby absence locations were 
represented by response values yj = 0 for determining the autocovariates.
An information-theoretical approach was followed for the regression analysis. This 
allows for the identification of a set of suitable models with equivalent fits rather than 
yielding one final 'best' model and is thus expected to provide more insight into the 
relative importance of each of the predictor variables (Rushton et al. 2004). All possible 
combinations of predictor variables were fitted and the resulting models were evaluated 
according to Akaike’s Information Criterion (AIC), which aids in identifying the most 
parsimonious models amongst a set of models with comparable fit (Koper and 
Schmiegelow 2006; Rushton et al. 2004). Prior to the regression analysis, collinearity 
among the predictors was checked by calculating bivariate Spearman rank correlations 
(Table 6.1). If two variables were correlated with rs > 0.60, these two variables were not 
included in the same regression model (Betts et al. 2006; Cerezo et al. 2010). Regression 
models were fitted using the RSEARCH procedure in GenStat 12 (VSNi 2009). As the 
predictor variables were expressed in different units, they were standardised (i.e., zero 
mean and unit variance) prior to the GLM construction, thus facilitating comparison of 
the relative influence of each predictor on the response variables (Bring 1994; Smith et 
al. 2009). The significance of the regression models was tested with Hosmer-Lemeshow 
tests. Spatial autocorrelation in the residuals was evaluated with Moran’s I indices 
(ArcGIS 9.2). Based on the models within 4 AIC units from the 'best' model (A/ = AICi - 
AICmin < 4) we calculated model averaged regression coefficients. Models with A/ > 4 
were excluded because these generally have considerably less support from the data 
(Burnham and Anderson 2002). Average coefficients were calculated according to 
(Burnham and Anderson 2002):
R
y w  • I ji •ß ji
ß j = — r--------------  (6 .4)
y w  • I j,ii=1
with w, = Rexp<~0-5 -A') (6.5)
y  exp(-0.5 -A, )
i =1
where ßj represents the averaged coefficient for predictor variable j, w/ is the Akaike 
weight for model /, j  = 1 if predictor variable j  is in model / and j  = 0 if predictor 
variable j  is not in model /, and ßj,/ is the coefficient for predictor variable j  in model /. An 
estimate of the standard error (SEj) associated with each averaged coefficient was 
calculated as:
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ZS Table 6.1 Bivariate Spearman's rank correlations between predictor variables (n = 1879). Correlations rs > 0.60 or rs < -0.60 are depicted in bold. * = 
correlation significant at p  < 0.05; ** = correlation significant at p  < 0.01.
Spatial terms Patch scale Home range scale Floodplain scale
X Y AU500 AU1000 AU1500 PA PS PD PRD SIEI PHA NRA FA FS PD PRD SIEI PHA NRA
X 0.59 0.15 0.31 0.36 0.08 -0 . 0 7 -0 . 0 1 -0.08 0 . 0 0 0 . 2 0 -0 . 0 1 0.24 -0.27 -0 . 2 1 -0.30 -0.26 0.31 0 . 1 0
Y ** 0 . 1 2 0 . 1 1 0.09 0.08 -0.09 -0.14 -0 . 1 2 -0.05 0 . 1 2 -0.19 -0.05 -0.13 -0.31 -0.04 -0 . 2 2 0.04 -0.16
AU500 ** ** 0 .7 0 0 .6 6 0.43 0.06 -0.18 -0.23 -0.16 0.36 0 . 1 2 0.16 -0 . 0 2 0.04 -0 . 1 1 0.09 0.18 0.17
AU1000 ** ** ** 0 .9 2 0.26 -0 . 0 1 -0 . 1 0 -0.19 -0 . 1 0 0.33 0.17 0.26 -0.08 0.06 -0 . 2 2 0.07 0.31 0.29
AU1500 ** ** ** ** 0.23 -0 . 0 2 -0.07 -0.15 -0.09 0.30 0.18 0.30 -0 . 1 1 0.06 -0.26 0.08 0.34 0.32
PA ** ** ** ** ** 0 . 2 0 -0.41 -0.40 -0.26 0.48 0.04 0.05 -0.04 -0.14 -0.07 -0.05 0 . 1 2 0 . 0 1
PS ** ** ** - - ** -0.03 0.03 -0.06 -0.08 0.08 -0.09 0.09 0.08 0 . 1 1 0.05 -0 . 1 1 0.04
PD - ** ** ** ** ** - 0 .8 6 0.45 -0.44 0 . 1 1 0 . 0 0 0.05 0.39 0.08 0.23 -0 . 1 2 0 . 1 1
PRD ** ** ** ** ** ** - ** 0.38 -0.51 0.09 -0.15 0.13 0.37 0 . 2 2 0 . 2 1 -0.25 0.05
SIEI - * ** ** ** ** ** ** ** -0.27 0 . 1 0 0 . 0 1 0 . 0 2 0.16 0.03 0 . 2 1 -0.07 0.07
PHA ** ** ** ** ** ** ** ** ** ** 0.08 0.23 -0 . 1 2 -0 . 2 1 -0.25 -0.17 0.40 0 . 1 2
NRA - ** ** ** ** - ** ** ** ** ** 0 . 0 0 0.16 0.23 0.05 0.28 0.03 0 .6 9
FA ** * ** ** ** * ** - ** - ** - -0.43 -0.31 -0 .9 4 -0.07 0 .8 7 0.27
FS ** ** - ** ** - ** * ** - ** ** ** 0.39 0.46 0.27 -0.29 0 . 1 0
PD ** ** - * ** ** ** ** ** ** ** ** ** ** 0.50 0.59 -0.42 0 . 2 1
PRD ** - ** ** ** ** ** ** ** - ** * ** ** ** 0.23 -0 .8 7 -0.18
SIEI ** ** ** ** ** * * ** ** ** ** ** ** ** ** ** -0 . 2 2 0.35
PHA ** - ** ** ** ** ** ** ** ** ** - ** ** ** ** ** 0.28
NRA ** ** ** ** ** - - ** * ** ** ** ** ** ** ** ** **
X, Y = geographical coordinates; AU500 = autocovariate for 500-m zone; AU1000 = autocovariate for 1000-m zone; AU1500 = autocovariate for 1500-m zone; PA = 
Patch Area; PS = Patch Shape; PD = Patch Density; PRD = Patch Richness Density; SIEI = Simpson's Evenness Index; PHA = Potential Habitat Area; NRA = Nature 
Reserve Area; FA = Floodplain Area; FS = Floodplain Shape___________________________________________________________________________________________
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where SEy represents the standard error of predictor variable j  in model i. The relative 
importance of each predictor variable j  was calculated as the sum of the Akaike weights 
Wi across all the models in the set that included variable j  (Burnham and Anderson
2002).
6.3 Results
The regression analysis resulted in 111 models within 4 AIC units from the most optimal 
model (Appendix 6.2). Nagelkerke r2 values and p-values for the Hosmer-Lemeshow 
tests were high, indicating good model fit. The high regression coefficient for the 
autocovariate defined for 500-m zones indicated that this was by far the most important 
predictor of corncrake occurrence (Table 6.2), reflecting a clustered pattern in the 
corncrake data (Fig. 6.2). Moran's I values were not significantly different from zero, i.e., 
the residuals were randomly distributed, indicating that the autocovariate effectively 
controlled for the spatial autocorrelation in the data. The autocovariates for 1000-m and 
1500-m zones were not included in the 111 most optimal models (Appendix 6.2), 
indicating that these autocovariates were less effective.
When statistically controlling for autocorrelation and spatial trends, few landscape 
variables were identified as important predictors of corncrake occurrence. Significant 
predictors (i.e., predictors for which the 95% confidence interval did not encompass 
zero) were potential habitat area (PHA) at the home range scale, patch area (PA), and 
nature reserve area (NRA) at both the home range and floodplain scales (Table 6.2). 
Regression coefficients for PHA, PA and NRA were positive, indicating an increasing 
probability of corncrake occurrence with increasing potential habitat area, patch area, 
and nature reserve area, i.e., the area where mowing is delayed. Regression coefficients 
were larger for PHA than for PA and NRA, indicating that potential habitat area is more 
important than patch size or nature reserve area. Median values for PHA at the home 
range scale were 11.3 and 6.5 ha for presence and absence records, respectively. The 
median patch size associated with corncrake occurrence was 11.3 ha, whereas patches 
without corncrake records had a median size of 1.6 ha. Overall, 90% of the corncrake 
records were associated with patches larger than 2.2 ha (Fig. 6.4). The smallest patches 
with corncrake records were generally associated with relatively large PHA values at the 
home range scale, suggesting a slight trade-off between these variables (Fig. 6.5).
The majority of the landscape characteristics, including indices pertaining to shape 
(FS, PS), landscape texture (PD) or landscape diversity (PRD, SIEI), were not significant 
predictors of corncrake occurrence. Although corncrake occurrence was positively 
related to the X and Y coordinates, suggesting an increasing probability of occurrence 
from w est to east and from south to north across the study area, these predictors were 
not significant either. These findings suggest that landscape fragmentation, landscape 
diversity and intrinsic large-scale spatial trends have less influence on the distribution 
of corncrakes than do small-scale autocorrelation and area characteristics.
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Table 6.2 Averaged regression coefficients, standard errors and measures of variable importance for 
the regression models within 4 AIC units from the most optimal model.
Predictor Ccoefficient
(ß,)
Standard error 
(SE,)
95% Confidence Interval Variable
importance
Spatial terms X
Y
AU500
0.18
0 . 2 0
27.1
0 . 2 1
0.15
3.06
-0 . 2 2
-0 . 1 0
2 1 . 1 2
0.59
0.51
33.13
0.19
0.46
1 . 0 0
Patch scale PA 0.45 0 . 1 2 0 . 2 1 0 . 6 8 1 . 0 0
PS 0 . 1 2 0.15 -0.18 0.42 0.16
Home range PD -0 . 1 3 0 . 2 2 -0.56 0.31 0.09
scale PRD 0 . 0 9 0 . 2 1 -0.33 0.51 0.06
SIEI 0 . 0 6 0 . 1 9 -0.30 0.43 0.07
PHA 0 . 8 3 0.18 0.47 1.19 1 . 0 0
NRA 0.35 0.15 0.06 0.63 0.81
Floodplain FA 0 . 1 6 0.13 -0 . 1 0 0.42 0 . 1 2
scale FS -0.18 0 . 2 2 -0.61 0.25 0.18
PD -0 . 0 9 0.28 -0.64 0.46 0.06
PRD -0.15 0.26 -0 . 6 6 0.37 0.04
SIEI 0.28 0 . 1 9 -0 . 1 0 0 . 6 6 0.65
PHA 0.25 0.17 -0.09 0.59 0.34
NRA 0.33 0.15 0.03 0.63 0.17
constant 5.07 1 . 0 2 3.07 7.07 1 . 0 0
X, Y = geographical coordinates; AU500 = autocovariate for 500-m zone; PA = Patch Area; PS = Patch 
Shape; PD = Patch Density; PRD = Patch Richness Density; SIEI = Simpson's Evenness Index; PHA = 
Potential Habitat Area; NRA = Nature Reserve Area; FA = Floodplain Area; FS = Floodplain Shape
PH A  at the home range sca le patch size
Fig. 6.4 Potential habitat area (PHA) at the home range scale (left) and patch size (right) associated 
with corncrake presence and absence, respectively. Box-plots depict median values, 10th and 90th 
percentiles, and ranges.
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Fig. 6.5 Corncrake presence and absence in relation to patch size and potential habitat area at the 
home range scale.
1
6.4 Discussion and conclusions
6.4.1 Spatial autocorrelation
The large, positive coefficient for the autocovariate in the regression models indicates 
that the probability of corncrake occurrence is best predicted by the presence of another 
corncrake nearby. Such positive spatial autocorrelation is commonly observed in 
wildlife distribution patterns and may relate to exogenous factors (autocorrelated 
environment, disturbance), endogenous drivers (conspecific attraction, demographic 
processes), or both (Keitt et al. 2002; Lichstein et al. 2002; Virkkala et al. 2004). 
Previous auto-ecological research on corncrakes points at the importance of conspecific 
attraction in the breeding habitat selection process. Corncrake males clearly prefer 
singing sites in the vicinity of singing congeners and often try to displace one another 
from singing sites, as revealed by surveys of radio-tagged individuals (Green et al. 
1997a). Green et al. (1997a) argue that clustering of corncrakes is more likely explained 
by conspecific attraction than by habitat or landscape characteristics, as males often 
clump within homogeneous areas. Moreover, clumps of singing corncrakes are found at 
different locations in different years, even if habitat characteristics appear identical 
(Green et al. 1997a). The conspecific attraction most likely relates to the breeding 
biology of the species. It has been suggested that singing males associate with one 
another because a joint singing sound increases the chance of attracting passing females 
(Green et al. 1997a; Koffijberg and Nienhuis 2003). This is supported by observations of 
Schäffer (1994), who reported that females or young were never found in the vicinity of 
isolated singing males. In addition, clustered breeding territories may increase the 
chance for extra-pair copulation (Skliba and Fuchs 2004). This is a commonly observed 
phenomenon in birds (Lichstein et al. 2002) and is thought to improve the fitness of the 
population: extra-pair copulations with partners of better quality may help to improve 
the survival or reproductive chances of some of the offspring (Petrie and Kempenaers
1998).
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6.4.2 Landscape characteristics
Corncrake occurrence in the lowland Rhine River floodplains showed stronger 
relationships with area characteristics (PA, PHA, NRA) than with indices reflecting 
landscape and habitat fragmentation (PS, FS, PD). The relationship with PHA was 
stronger than that with PA; corncrakes could be found in relatively small patches if PHA 
at the home range scale was relatively large (Fig. 6.5). These findings suggest that 
corncrakes respond to habitat quantity rather than habitat configuration. In search of 
breeding sites or females in neighbouring territories, corncrakes may indeed cross 
unsuitable habitats like forest patches (Skliba and Fuchs 2004) or river channels 
(Koffijberg et al. 2007), thus supporting these findings. However, there are indications 
that the birds are somewhat reluctant to cross unsuitable habitats: this behaviour does 
not occur frequently and may be limited to relatively small distances (Skliba and Fuchs 
2004; Koffijberg et al. 2007). Hence, corncrakes probably prefer breeding habitats in 
contiguous areas, as illustrated by the importance of patch area (PA) in the regression 
analysis. This may also explain the lack of clear relationships between corncrake 
occurrence and landscape diversity (PRD, SIEI). When territorial ranges are largely 
restricted to single patches, the composition of the surrounding landscape will likely 
have no profound effects on the species living within these patches (Watson et al. 2004). 
The strong relationships with patch size and with potential habitat area at the home 
range scale indicate that the corncrake shows characteristics of area-sensitive species,
i.e., species that are frequently absent from small habitat fragments or show lower 
reproductive success with decreasing patch size (Benassi et al. 2009). Patch size 
preference is a common characteristic of many bird species and is generally associated 
with habitat specialists (Watson et al. 2004; Benassi et al. 2009; Suarez-Rubio and 
Thomlinson 2009). It has often been suggested that area sensitivity is driven by energy 
requirements in relation to the availability of food: the larger an organism’s energy 
requirements and the lower the food availability, the larger the area the organism needs 
to maintain itself (Graham and Blake 2001; Uezu et al. 2005; Boscolo and Metzger 2009; 
Suarez-Rubio and Thomlinson 2009). For example, comparative studies of several forest 
bird species revealed that patch size was particularly important for large frugivorous 
species (Watson et al. 2004; Uezu et al. 2005). Due to their large body mass, these 
species have relatively large energy demands, whereas their food sources show large 
spatial and temporal variability. Hence, large territories are needed to secure sufficient 
food (Watson et al. 2004; Uezu et al. 2005). The corncrake, however, is an opportunistic 
feeder. It preys on a wide range of invertebrates, including large insects, earthworms, 
snails and slugs, and may occasionally also consume small vertebrates like fish and 
amphibians (Green et al. 1997a). Further, in fertile and productive areas like moist 
grasslands and floodplains, invertebrate prey groups in particular may reach high 
densities (Green et al. 1997a; Schipper et al. 2008). The opportunistic feeding behaviour 
combined with the large food availability indicates that relatively small areas likely 
suffice to obtain enough food (Koffijberg et al. 2007). As a complementary or alternative 
explanation for the corncrake’s area sensitivity as observed in the present study, we 
hypothesise the strong conspecific attraction that influences the breeding habitat 
selection process (see section 6.4.1). The behavioural clustering of singing males 
requires relatively large habitat areas, particularly because corncrake males are strongly 
territorial and cease to sing when closely approaching a neighbour (Skliba and Fuchs
2004).
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6.4.3 The issue o f  scale
Important predictors of corncrake occurrence were found mainly at the patch and home 
range scales, suggesting that floodplain-scale landscape characteristics have little 
influence on the selection of breeding habitat. This appears in contrast with previous 
studies where birds were found to respond to habitat and landscape characteristics at 
scales larger than their territory size (Sanchez-Zapata and Calvo 1999; Cerezo et al.
2010) or to landscape characteristics at multiple spatial scales (Martinez et al. 2003; 
Boscolo and Metzger 2009). In general, there are several potential explanations for the 
absence of clear species-environment relationships at a certain spatial scale. These may 
include a lack of variation in the environmental characteristics of concern (Renfrew and 
Ribic 2008), redundancy of environmental characteristics across different spatial scales 
(Koper and Schmiegelow 2006), or a lack of relevance of the spatial scale of 
investigation for the species of concern (Wiens 1989). As there were significant 
differences in landscape characteristics between floodplain units with and without 
corncrake occurrence (Van Weperen 2009), a lack of spatial variation in landscape 
characteristics at the floodplain scale seems an unlikely explanation. Further, landscape 
characteristics were in general weakly correlated between the two scales of 
investigation (Table 6.1), indicating that redundancy of predictor variables is also 
unlikely. As migratory bird species may respond to landscape features at larger spatial 
scales than sedentary species (Sanchez-Zapata and Calvo 1999), it is possible that the 
corncrakes in the lowland Rhine River floodplains initially select breeding sites based on 
landscape characteristics at spatial scales larger than the floodplain units. They may 
initially distinguish the entire river corridor from the surrounding landscape and base 
the subsequent selection of a breeding site on landscape characteristics at the home 
range scale. Additional research including landscape characteristics beyond the extent of 
the present study area would be required to confirm or reject this hypothesis.
6.4.4 Implications fo r  conservation and m anagem ent
Fine-grained and large-scale studies of species distributions are complementary not 
only because driving forces may differ between scales, but also because they may have 
different applications to conservation practices (Gregory and Baillie 1998). The wealth 
of studies concerning fine-grained characteristics of corncrake habitats has provided a 
solid basis for management measures pertaining to vegetation structure, notably in 
relation to mowing regimes. Delaying mowing, preferably until at least August, ensures 
the presence of sufficiently high vegetation when the birds arrive from their wintering 
grounds and enables female corncrakes to raise their broods (Green et al. 1997b; 
Koffijberg and Schoppers 2009). However, the regression models obtained in the 
present study indicate that corncrake conservation schemes should also consider 
landscape-level factors. The importance of the autocoviariate and the habitat area 
predictors strongly suggests that the corncrake might be sensitive to loss or 
fragmentation of breeding habitat. Our findings imply that habitat conservation schemes 
should focus on the preservation of sufficient habitat, preferably in large patches, in 
order to facilitate the clustering of breeding territories and thus ensure breeding 
success. In addition, the results presented here imply that existing management 
measures pertaining to fine-grained habitat characteristics should be implemented in 
relatively large areas. For example, the absence of corncrakes from small patches, as 
observed in the present study, indicates that measures like delayed mowing are unlikely
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to increase the chances for corncrake settlement when applied to small fragments of 
potential habitat. As such, the conservation implications of the present study are indeed 
complementary to those of the more fine-grained studies, thus confirming the relevance 
of a multi-scale approach when studying species distributions.
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Abstract
To analyse the influence of environmental heterogeneity on heavy metal exposure 
concentrations for terrestrial vertebrates in river floodplains, a spatially explicit exposure model 
has been constructed (SpaCE-model: spatially explicit cumulative exposure model). This model 
simulates the environmental use of individual organisms by selecting model cells to be foraged 
in within a multi-celled heterogeneous landscape. Exposure duration and exposure 
concentrations are calculated along the selected cells, whereby exposure concentrations are 
dependent on the availability and contaminant concentrations of different diet items in each cell. 
The model was applied to a selection of 10 terrestrial vertebrate species, including six small 
mammal and four top predator species. It was parameterised for cadmium contamination in a 
285 ha embanked floodplain area along the Rhine River in the Netherlands. Simulations of 1000 
individuals for each species resulted in intra-species variation in exposure concentrations 
between 10 and 39%, the smallest values generally corresponding to the species with the largest 
home ranges. Comparison of the model results with cadmium concentrations measured in four 
of the species from the study area showed that the predicted variation accounts for 11 to 16% of 
the variation in the measurements. This indicates that environmental heterogeneity governs a 
minor part of the variation in metal exposure concentrations that can actually be observed in 
river floodplains.
7.1 Introduction
River floodplains are among the most fertile and richest ecosystems on earth. This is 
mainly due to periodical floodplain inundation, which replenishes the soil nutrients and 
constitutes the natural disturbance regime primarily responsible for sustaining a high 
level of landscape and biological diversity (Junk et al. 1989; Ward et al. 2002). In the 
lowland floodplains of the Rhine River in the Netherlands, the biological diversity might 
be threatened by the large amounts of particulate-bound metals that have been 
deposited during the last century (Leuven et al. 2005; Thonon 2006). Metals can enter 
food chains via uptake in vegetation and soil-dwelling invertebrates (Notten et al. 2005; 
Schipper et al. 2008b; Schröder 2005). For several vulnerable vertebrate species 
foraging in floodplains, such as the badger (Meles meles) and the little owl (Athene 
noctua), this might lead to risks of secondary poisoning, i.e., toxicological risks resulting 
from exposure to contaminated food (Kooistra et al. 2005; Van den Brink et al. 2003; 
Van den Brink and Ma 1998).
It is generally recognised that contaminant exposure of mobile animals is influenced 
by spatial variation (Gaines et al. 2005; Hope 2000; Kooistra et al. 2005; Linkov et al. 
2002; Purucker et al. 2007). This concerns not only variation in environmental 
contaminant concentrations, but also in other landscape and habitat characteristics, 
such as the availability of different diet items. Further, environmental heterogeneity 
affects the length of stay of a mobile animal in a certain area, and thus the duration of 
exposure. In river floodplains, both natural processes (periodical floodplain inundation) 
and human influences (excavation, agriculture, construction of embankments) have 
been resulting in large environmental heterogeneity (Kooistra et al. 2005; Thonon
2006). The aim of the present study is to obtain more insight in the influence of this 
heterogeneity on heavy metal exposure concentrations for terrestrial vertebrates. To 
meet this aim, a spatially explicit exposure model has been constructed. The model 
simulates the so-called environmental use of individual vertebrate organisms, i.e., which 
habitat the organisms occupy and what kinds of food they consume (Johnson 1980).
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Hereby it is assumed that both the probability and the duration of occupying a certain 
habitat patch will increase with increasing habitat suitability. Habitat suitability is, in 
turn, assumed to depend on vegetation structure and main abiotic factors as well as food 
availability. Each model simulation involves the delineation of an organism’s home 
range within a multi-celled model landscape, followed by the selection of a certain 
amount of model cells to be foraged in within this home range. Subsequently, the 
relative length of stay per cell is determined and exposure concentrations are calculated 
along the selected cells. Exposure concentrations are dependent on the availability of 
different diet items in each cell, and their respective contaminant concentrations.
The model was parameterised for a selection of 10 terrestrial vertebrate species 
exposed to cadmium contamination in a 285 ha embanked floodplain area along the 
Rhine River in the Netherlands. Cadmium was selected because previous studies 
revealed that this metal in particular might cause toxicological risks in floodplains 
(Kooistra et al. 2005; Van den Brink et al. 2003; Van den Brink and Ma 1998). The 
species selected comprised small mammals (e.g., the common vole and the common 
shrew) as well as top predators (e.g., the weasel and the little owl). Model predictions 
were compared with internal cadmium concentrations measured in four small mammal 
species from the study area (Wijnhoven et al. 2007). This revealed the extent to which 
environmental heterogeneity accounts for variation in metal exposure concentrations 
that can actually be observed in river floodplains.
7.2 Materials and methods
7.2.1 General m odel description  
Model structure and approach
Following a conceptual exposure modelling approach (Hope 2000), the spatially explicit 
cumulative exposure model (SpaCE-model) is constructed with Microsoft’s Excel and the 
Microsoft Visual Basic Application (Redmond, WA, USA). The model is grid-based, i.e., 
the environmental variables constituting the model landscape are mapped into cells 
within spreadsheets, preserving the topology of the actual landscape. A program written 
in Visual Basic selects cells in this multi-celled model landscape to be foraged in by 
individual vertebrate organisms and calculates the exposure concentrations along the 
selected cells. Species-specific dietary composition is accounted for by incorporating a 
simplified terrestrial food web, comprising vegetation and terrestrial invertebrates at 
the first level, small mammals at the second level and top predators at the third level.
Environmental characteristics
Environmental characteristics included in the model involve metal concentrations in 
soil, the distribution of flood-free areas, and species-specific habitat information. To 
incorporate habitat information, a so-called habitat suitability index approach was 
followed, which assigns each model cell a value between zero for unsuitable habitat and 
one for suitable habitat (Purucker et al. 2007; Ray and Burgman 2006). For vegetation 
and invertebrates, habitat suitability was derived from a map with ecotopes, i.e., spatial 
units that are assumed homogeneous with respect to vegetation structure, succession 
stage, and main abiotic factors relevant for plant growth (Klijn and Udo de Haes 1994). 
This was done by assigning each ecotope type a suitability index of either zero 
(unsuitable) or one (suitable). For vertebrate species, the habitat suitability of a cell was
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assumed to depend not only on ecotope suitability (with 0 = unsuitable, 0.5 = marginal 
and 1 = suitable), but also on the availability of food (Eq. 7.1). Food availability for a 
specific species was derived from the cell-specific habitat suitability indices for its 
respective diet items, whereby the habitat suitability index of each diet item was 
weighted according to its contribution to the receptor species’ diet (Eq. 7.2):
HS, = ES( FA( (7.1)
FA, = I ( f ,  -HS,,,) (7.2)
where HS/ = habitat suitability of cell i (dimensionless); ES/ = ecotope suitability of cell i 
(dimensionless); Fa/ = food availability in cell i (dimensionless); fj = dietary fraction of 
diet item j  (dimensionless); HS/j = habitat suitability of cell i for diet item j  
(dimensionless).
Environmental use
To simulate the environmental use of individual vertebrate organisms, each model run 
involves the selection of a starting cell, followed by the selection of cells to be foraged in 
within a surrounding home range area. Potential starting cells have to meet two criteria 
with respect to habitat suitability and availability. Firstly, the ecotope type in a potential 
starting cell must provide marginal or suitable habitat (Es/ = 0.5 or Es/ = 1) and food 
must be available (FA/ > 0), i.e., only cells where HS/ > 0 are considered as potential 
starting cells. Secondly, sufficient habitat area should be available within the home range 
area corresponding with a potential starting cell. Therefore the potential home range, 
which is delineated as a square area of a species-specific number of grid cells 
surrounding a potential starting cell, must contain a species-specific minimum number 
of cells where HS/ > 0. Depending on the species selected for the simulations, the set of 
potential starting locations can be further constrained by the spatial distribution of 
flood-free areas. For example, for species that dwell in flood-free areas and start 
foraging from there, potential starting positions are restricted to these areas. Potential 
starting positions can also be constrained to areas located within a certain species- 
specific maximum colonisation distance from flood-free areas. This is applicable to 
certain small mammal species, as inundation clears the floodplain of small mammals and 
the average time-span between two consecutive periods of inundation is too short for 
some species to recolonise the entire floodplain area (Wijnhoven et al. 2005). From the 
set of potential starting locations one is chosen either randomly (for sets of potential 
starting cells that are either independent of the spatial distribution of flood-free areas or 
restricted to flood-free areas) or according to a chance index that linearly decreases 
with increasing distance to the flood-free areas (for sets of potential starting cells that 
are located within species-specific maximum colonisation distances from flood-free 
areas).
After a starting cell is chosen, cells to be foraged in are selected within the 
surrounding home range area. Cell selection is directed by habitat suitability and a 
random element, whereby a cell’s chance of being selected increases with increasing 
habitat suitability. For mammal species, specific algorithms are incorporated forcing the 
individuals to first investigate adjacent cells for habitat. If no adjacent cells with HS/ > 0 
are found, the search radius is enlarged in steps of one cell length until the cell selection 
criteria are met. These algorithms are not applied to birds, because flying organisms are
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assumed capable of shifting from one spot to any other spot within their home range 
without traversing the terrain in between. It is assumed that an animal’s food intake rate 
in a certain cell decreases with the length of stay in the cell, which forces an animal to 
select many separate cells in a single foraging trip, with little revisitation (Charnov 
1976). Therefore, a user-defined amount of most recently selected cells can be excluded 
from the cell selection process. Cell selection continues until the total area visited equals 
the available foraging area within a specific home range, i.e., the foraging simulation 
stops when the amount of visited cells equals the total amount of cells where HS/ > 0 
within the home range. Subsequently, the relative length of stay in each cell is 
determined, based on the assumption that this is proportionally related to the cell’s 
habitat suitability (Eq. 7.3):
where RLS;- = relative length of stay in cell i (dimensionless).
Exposure concentrations
Once the environmental use of an individual within a certain home range has been 
defined, a corresponding exposure concentration is determined. This is done by 
summing up the dietary concentrations specific for all model cells that were visited, 
weighted according to the relative length of stay per cell (Eq. 7.4). Cell-specific dietary 
concentrations are calculated by adding the contaminant concentrations in all diet items 
present in that cell, weighted according to the fractions of the items in the organism’s 
diet (Eq. 7.5). The absence of a diet item in a specific cell is compensated for by 
proportionally enlarging the fractions of the diet items that are actually present, thus 
ensuring that fractions of available items always sum up to one (i.e., 100%). Cell-specific 
contaminant concentrations in vegetation and invertebrate diet items are derived from 
soil concentrations by means of empirical relationships, i.e., bioaccumulation factors 
(BAFs) or regression equations. When a diet item concerns vertebrate prey, i.e., a small 
mammal to be consumed by a top predator, its internal contaminant concentration is 
calculated according to a more mechanistic approach (Eq. 7.6; Eq. 7.7). This approach 
accounts for the prey’s feeding rate, the contaminant concentration in its respective diet, 
its contaminant assimilation efficiency and excretion rate, and its age at death, which 
determines the amount of time the prey has been accumulating contamination before 
being consumed by the top predator.
It should be noted that the calculation of cell-specific contaminant concentrations in 
diet items implicitly assumes that the environmental use of diet items is not spatially 
explicit. Although it would be more realistic to actually allow mobile diet items to 
encounter and accumulate spatially variable contamination before being consumed by a 
receptor species, this was technically unachievable with the present model, which is 
designed to simulate exposure for only one receptor species at a time.
(7.3)
PEC = Z  (Qoode- RLS, ) (7.4)
(=1
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c
c (1 -  e-kj -A ; ) with FRj = DFIj • BW/1
(7.5)
(7.6)
(7.7)
where PEC = predicted exposure concentration (mg-kg-1 fw); Cfood,/ = dietary 
contaminant concentration in cell i (mg^kg-1 fw); f ,  = dietary fraction of diet item j  in cell 
i (dimensionless); Cij = contaminant concentration in diet item j  in cell i (mg-kg-1 fw); FRj 
= feeding rate of diet item j  (g-g-1-d-1 fw); Cfoodx; = dietary contaminant concentration for 
diet item j  in cell i (mg-kg-1 fw); AEj = contaminant assimilation efficiency of diet item j  
(dimensionless); kj = contaminant excretion rate of diet item j  (d-1); Aj = age (d) at death 
of diet item j; DFIj = daily food intake of diet item j  (g-d-1 fw); BWj = body weight of diet 
item j  (g fw); fij,(j-1) = dietary fraction of lower food web level diet item (j-1) for diet item j  
in cell i (dimensionless); C/,(/-1) = contaminant concentration in lower food web level diet 
item (j-1) in cell i (mg-kg-1 fw).
7.2.2 Model param eterisation  
Environmental characteristics
To parameterise the model, data were used from the embanked floodplain ‘Afferdensche 
en Deestsche Waarden’, which measures approximately 285 ha and is located along the 
River Waal, i.e., the main Rhine River distributary in the Netherlands (Fig. 1.1). A spatial 
model resolution of 5x5 m was applied. Because previous studies revealed that 
especially cadmium might cause toxicological risks in floodplains (Kooistra et al. 2005; 
Van den Brink et al. 2003; Van den Brink and Ma 1998), this contaminant was selected 
for parameterisation. Soil cadmium concentrations were derived from a database with 
metal analysis results of 192 soil samples, obtained in several previous studies (Kooistra 
et al. 2005; Van Vliet et al. 2005; Wijnhoven et al. 2007). Measured cadmium 
concentrations range from 0.04 to 11.09 mg-kg-1 dw with an average value of 2.96 
mg-kg-1 dw. The point data were interpolated with inverse distance weighted 
interpolation (Pebesma and Wesseling 1998); interpolated cadmium concentrations 
range from 0.08 to 10.70 mg-kg-1 dw with an average value of 2.70 mg-kg-1 dw (Fig. 7.1). 
The ecotope distribution (Jansen and Backx 1998) was obtained as a vector map and 
converted to a grid in a geographic information system (ArcMap 9.1, ESRI), whereby 
each grid cell was assigned the ecotope type covering the largest part of the cell area
The study area is periodically inundated, usually as a result of high river discharges 
in winter, whereby inundations of two to three months are not unusual (Wijnhoven et al.
2005). The winter dike and two elevated terrains of a former brick factory provide 
flood-free areas serving as main animal refugia (Wijnhoven et al. 2005). To delineate the 
flood-free areas, the elevation of the study area was compared with a representative 
inundation water level. Inundation of the study area takes place when the discharge of 
the Rhine River exceeds 6300 m3-s-1 at Lobith (Thonon 2006). From a database with 
daily river discharges (1901 -  2004, Lobith; www.waterbase.nl), discharges exceeding 
this value were selected and the median discharge was calculated. The stand-alone
(Fig. 7.1).
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hydraulic model WAQUA (MX.Systems 2003) was applied to determine the 
corresponding local water level. Subsequently, the elevation of each model cell was 
compared with this water level, using a digital elevation model of the study area 
(www.ahn.nl; Van Heerd et al. 2000). The ArcMap program was applied to calculate the 
distance to the nearest flood-free area for each of the model cells (Fig. 7.1).
■  1 B 4  m i 7 m i  10 H 13 m i 6  m i19  BH22 H 2 5  m i28
■  2 H 5  1 8  I 111 H 1 4  r n i 7  L  120 H 2 3  H  26 0 2 9
(C)
Fig. 7.1 Environmental characteristics in the floodplain area 'Afferdensche en Deestsche Waarden'. 
(a) Cadmium concentrations in soil (mg-kg"1 dw); (b) Ecotopes; (c) Distance (m) to flood-free areas. ▼ 
= sampling site; — = winter dike. The key to the ecotope numbers can be found in Appendix 7.2.
Species parameters
The model was applied to 10 terrestrial vertebrate species, comprising six small 
mammals and four top predators. Eight of these species are currently present in the 
study area, i.e., the kestrel (Falco tinnunculus), weasel (Mustela nivalis), rabbit 
(Oryctolagus cuniculus), common vole (Microtus arvalis), bank vole (Clethrionomys 
glareolus), wood mouse (Apodemus sylvaticus), common shrew (Sorex araneus), and 
European mole (Talpa europaea). Additionally, two endangered top predators were 
selected because they are so-called target species for Dutch river floodplains, i.e., the 
little owl (Athene noctua) and badger (Meles meles) (Bal et al. 2001). Information on the
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diet composition of these 10 species was derived from literature (Appendix 7.1). 
Literature data were also used to derive ecotope suitability indices (Appendix 7.2), as 
well as BAFs and regression equations to determine internal cadmium concentrations in 
vegetation and invertebrates (Appendix 7.3). If available, floodplain-specific BAFs and 
regression equations were selected. These empirical relationships generally yield 
concentrations based on dry weights, which were converted to fresh weight 
concentrations using data on water content (Appendix 7.3).
Colonisation distances and median home range sizes of the vertebrate species were 
obtained from literature. Species-specific values for the minimum required habitat area, 
needed for the starting cell selection, were assumed to equal minimum home range sizes 
recorded from literature and were expressed as percentages of the median values 
(Appendix 7.4). To determine the cadmium concentrations in the small mammal species 
(Eq. 7.6; Eq. 7.7), information was required on diet composition (Appendix 7.1), 
cadmium concentrations in vegetation and invertebrates (Appendix 7.3), and further the 
species’ body weight, daily food intake, contaminant assimilation efficiency, cadmium 
excretion rate (fc) and age at death. Median body weights were calculated from literature 
data (Appendix 7.4). Because species-specific data for daily food intake were not 
available for all of the six small mammal species, DFIs were derived from median body 
weights by means of allometric relationships (US-EPA 1993). Comparison of the 
allometric values with few available literature data revealed small deviations only 
(Appendix 7.4); for consistency the allometric values were applied to all species. The age 
at death was obtained from the species-specific residence time of individual organism in 
the floodplain, which in turn was assumed reciprocal to the species’ turnover rate, i.e., 
the quotient of the production rate over the annual mean population biomass (Banse 
and Mosher 1980; Hendriks 2007). Turnover rates (kg-kg-1-d-1) were derived from 
median body weights by means of allometric relationships (Hendriks 2007) and 
subsequently inverted (Appendix 7.4). Taking into account that floodplain inundation 
clears the floodplain of small mammals, calculated ages at death exceeding an annual 
average flood-free period of nine months (Wijnhoven et al. 2005) were truncated at nine 
months (274 d).
Assimilation efficiencies of cadmium are typically determined in laboratory studies 
and are influenced by a number of factors, comprising for example the physiology, age 
and body size of the test species, the composition and trace element status of the diet, 
and the dose and frequency of administration (Andersen 1989; Andersen et al. 2004; 
Andersen et al. 1988; Engström and Nordberg 1979; Friberg et al. 1985). For mammals, 
the absorption efficiency is likely to be in the range 1 to 10%, with the higher values for 
larger animals (Friberg et al. 1985). Because cadmium absorbed from the intestinal tract 
is eliminated only very slowly, the whole-body retention of cadmium can be considered 
a valid estimate of the intestinal uptake (Andersen 1989; Andersen et al. 2004). Data 
were selected from a study where a single radio-labeled dose of cadmium was orally 
administered to adult mice, and where the retention was determined by whole-body 
counting 10 days after administering, when the unabsorbed part of the dose was 
eliminated from the gastrointestinal tract (Andersen et al. 1988). Based on these data, 
an average assimilation efficiency of 2% was applied in the model. Main excretion routes 
for cadmium are via urine and via faeces (Friberg et al. 1985). In experimental studies 
with mice, urinary and faecal excretions were shown to represent fractions of 0.0001 
and 0.0004 of the total body burden per day, respectively (Friberg et al. 1985). Based on 
these values, a combined urinary and faecal excretion rate (fc) of 0.0005 d-1 was applied.
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7.2.3 Model simulations and comparison with field  data
For each of the 10 vertebrate species, 1000 model simulations were performed, thus 
obtaining PECs for 1000 individuals. To reveal whether 1000 simulations per species 
would be sufficient to obtain representative predictions, changes in average PECs were 
calculated from run to run. This showed that the changes in average PECs dropped 
below 0.5% after maximum 36 (badger) to 364 (bank vole) model runs. To check 
whether the predicted exposure concentrations might lead to adverse effects, values 
were compared to dietary toxicity reference values obtained from literature. Because 
these reference values typically originate from laboratory tests, they were corrected for 
differences in toxicity under laboratory and field conditions (Traas et al. 1996; Appendix
7.5). Based on the number of individuals for which the predicted exposure concentration 
exceeded the species-specific toxicity reference value, the potentially affected fraction 
(PAF) was determined per species.
Internal cadmium concentrations measured in specimens of four small mammal 
species captured in the study area were available for comparison with model 
predictions (Wijnhoven et al. 2007). Model predictions of internal concentrations in 
these species were derived by determining the assimilation of dietary cadmium from 
day to day along the cells visited during each model simulation (Eq. 7.8), until reaching 
the age at death of the organism (Appendix 7.4). The number of days spent per cell was 
calculated according to Equation 7.9. To facilitate comparison between the model 
predictions and the field data, the latter being expressed as dry weight concentrations, 
model predictions were converted from fresh weight to dry weight based on 68.6% 
moisture content of small mammals (Crocker et al. 2002).
IC, t = ICt-l + FR • Cfoodl • AE -  k • ICt_x with FR = DFI - BW 1 (7.8)
LS, = RLS, • A (7.9)
where IQ,t = internal concentration (mg-kg-1 fw) in cell i at day t; ICt-1 = internal 
concentration (mg-kg-1 fw) at day t-1; FR = feeding rate (g-g-1-d-1 fw); AE = contaminant 
assimilation efficiency (dimensionless); fc = contaminant excretion rate (d-1); DFI = daily 
food intake (g-d-1 fw); BW = body weight (g fw); LS¡ = length of stay in cell i (d); A = age 
(d) at death.
7.3 Results
7.3.1 Environmental use
To illustrate the performance of the environmental use algorithms, cell selection 
frequencies are visualised for specific home ranges of the weasel and little owl (Fig. 7.2). 
The relationship between habitat suitability and cell selection frequency is more 
pronounced for the little owl than for the weasel. This difference results from the 
mammal-specific algorithms, which force the individuals to search for habitat in 
neighbouring cells during the cell selection process. Hence, cells with a high habitat 
suitability index located in a remote corner of the home range might not be reached 
before the stopping criterion is met. This explains why the little owl selects highly 
suitable cells considerably more often than cells that are less suitable, whereas the
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highest cell selection frequencies for the weasel are located around the centre of its 
home range, despite more suitable habitat occurring elsewhere.
Fig. 7.2 Spatial distribution of habitat suitability (HSi; calculated according to Eq. 7.1) and cell visit 
frequencies for 250 model runs with a fixed starting position for the little owl (top) and the weasel 
(bottom).
7.3.2 Predicted exposure concentrations
To facilitate comparison between the species, the variation in PECs is presented as 
coefficient of variation (CV), i.e., the standard deviation divided by the mean. According 
to the CV, variation in predicted exposure concentrations ranges from 0.10 for the 
badger to 0.39 for the bank vole (Table 7.1). Predicted exposure concentrations are 
generally highest for the European mole, followed by the little owl and the badger. 
Lowest PECs are found for the bank vole, the rabbit and the common vole (Fig. 7.3; Table
7.1). This confirms previous findings that cadmium mainly accumulates in insectivorous 
and carnivorous food chains (Van den Brink et al. 2003; Veltman et al. 2007; Wijnhoven 
et al. 2007). Comparison of the PECs with predicted no-effect concentrations reveals that 
the European mole, little owl, badger and common shrew might be at risk of 
experiencing adverse effects in the study area, as the PAFs for these species are 100% or 
close to 100%. For all other species, the PAF is less than 2% (Table 7.1).
7.3.3 Comparison with field  data
Internal cadmium concentrations predicted by the model are well within the range of 
the measurements (Fig. 7.4; Table 7.2). On average, the differences between measured 
and predicted values range from a factor of 0.89 for the common shrew to 2.5 for the 
wood mouse. Coefficients of variation for the model predictions range from 0.16 for the 
common shrew to 0.39 for the bank vole (Table 7.2), thus reflecting the variation in 
exposure concentrations for these species (Table 7.1). According to the coefficients of 
variation, the variation in model predictions accounts for 11 to 16% of the variation 
observed in the field (Table 7.2).
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Table 7.1 Predicted exposure concentrations (PECs; mg-kg"1 fw), predicted no-effect concentrations 
(PNECs; mg-kg-1 fw), and potentially affected fractions (PAFs; %) for 10 vertebrate species exposed 
to cadmium contamination in the study area 'Afferdensche en Deestsche Waarden' (the Netherlands). 
SD = standard deviation; CV = Coefficient of variation = SDmean-1.
Mean
PEC
SD CV PNEC PAF
Bank vole 0 . 1 1 0.044 0.4 0.27 1.3
Common shrew 1 . 2 0 . 2 0.16 0.64 1 0 0
Common vole 0 . 1 2 0.038 0.32 0.36 0
European mole 3.9 0.43 0 . 1 1 0.42 1 0 0
Rabbit 0 . 1 2 0.037 0.31 0.36 0
Wood mouse 0.14 0.039 0.28 0.39 0
Badger 3 0.29 0.097 0.51 1 0 0
Kestrel 0.25 0.026 0 . 1 3.2 0
Little owl 3.6 0.42 0 . 1 2 2.5 99
Weasel 0.38 0.072 0.19 0.74 0
10.0
Fig. 7.3 Predicted exposure concentrations (mg-kg-1 fw) of cadmium for 10 vertebrate species in the 
study area 'Afferdensche en Deestsche Waarden'. Mean values indicated by black diamonds; total 
range (minimum and maximum) indicated by vertical lines; 10th and 90th percentiles indicated by 
boxes; predicted no-effect concentrations (mg-kg-1 fw) represented by grey horizontal line marks. 
Results are based on 1000 simulations for each species.
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Table 7.2 Comparison of measured and predicted internal cadmium concentrations (mg-kg-1 dw) for 
four small mammal species in the study area 'Afferdensche en Deestsche Waarden' (the Netherlands).
Bank vole Common shrew Common vole Wood mouse
Mean
Measured (mg-kg-1 dw) 0.68 3.5 0.98 2.0
Predicted (mg-kg-1 dw) 0.69 3.9 0.73 0.81
Measured/predicted 0.98 0.89 1.3 2.5
Standard deviation
Measured (mg-kg-1 dw) 1.6 4.5 2.0 4.9
Predicted (mg-kg-1 dw) 0.27 0.64 0.23 0.22
Predicted (%) a 17 14 11 4.6
Coefficient of variation b
Measured (dimensionless) 2.4 1.3 2.1 2.4
Predicted (dimensionless) 0.39 0.16 0.32 0.27
Predicted (%) a 16 13 15 11
a Predicted (%) = (predicted-measured-1)-100. 
b Coefficient of variation (dimensionless) = standard deviation-mean-1.
Fig. 7.4 Measured (M) and predicted (P) cadmium concentrations (mgkg-1 dw) in four small mammal 
species in the study area 'Afferdensche en Deestsche Waarden'. Mean values indicated by black 
diamonds; total range (minimum and maximum) indicated by vertical lines; 10th and 90th percentile 
values indicated by boxes. Numbers of specimens measured for bank vole, common shrew, common 
vole and wood mouse are 56, 65, 31, and 21, respectively. Model results are based on 1000 
simulations for each species.
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7.4 Discussion
In the present study, a spatially explicit exposure model has been developed to 
investigate the influence of spatial variation in environmental characteristics on heavy 
metal exposure concentrations for terrestrial vertebrate species in a contaminated 
lowland river floodplain. The model simulates the environmental use of individual 
organisms by selecting model cells to be foraged in within a multi-celled heterogeneous 
landscape, and calculates the exposure duration and exposure concentrations along the 
selected cells. One could argue that the environmental use simulated by the model is not 
fully realistic: not only is the assumption of square-shaped home ranges debatable, also 
are several factors potentially important for selecting or avoiding habitat patches not 
accounted for. These include, for example, internal food/energy balances of organisms, 
preferences for specific foraging pathways, local population densities, or the presence of 
predators. These limitations are, however, considered of minor importance, as the 
model simulations were intended to capture the influence of environmental 
heterogeneity on exposure concentrations rather than to obtain realistic 
representations of actual spatial behaviour.
The model was parameterised for a selection of 10 terrestrial vertebrate species, 
including six small mammal and four top predator species. It is noted that some of the 
species parameters applied in the model might be debatable. For example, due to a lack 
of species-specific data, generic values were applied for the cadmium AE and the 
excretion rate. As these values were obtained from studies featuring experiments with 
test species in laboratory settings, they might deviate from values for wild animals 
under field conditions. The net intestinal uptake of cadmium, for example, has been 
shown to decrease if mice are fed standard rodent pellets with a high content of natural 
fibres and trace elements (Andersen et al. 2004), which suggests that field metal 
assimilation efficiencies may be larger than lab values (Veltman et al. 2007). Further, the 
age at death of the small mammal species as derived from the turnover rate might not be 
fully representative from the perspective of food-chain contaminant transfer. The 
average age at which a certain prey species is captured and consumed by a specific 
predator might be influenced by processes in prey populations as well as the predator's 
preference for prey of certain age or weight classes (Goszczyñski 1977; Petrusewicz 
1983). Hence, the actual age at death and thus the internal concentration of small 
mammal prey when consumed by a top predator might be higher or lower than the 
value applied in the model. Quantitative data on predator and prey-specific prey ages 
were, however, not available.
Despite the limited data availability for some of the model input parameters, 
comparison of the model results with cadmium concentrations measured in four of the 
species in the study area showed that the predictions are well within the range of the 
measurements. This indicates that the current parameterisation gives rise to realistic 
predictions. The model simulations revealed intra-species variation in exposure 
concentrations ranging from 10 to 39% (Table 7.1). Variation in the model predictions is 
mainly related to home range size. Large home ranges, such as the kestrel’s and the 
badger’s, encompass areas characterised by a large heterogeneity in contamination 
levels. Hence, areas with both high and low contamination levels can be visited during a 
single model simulation, leading to relatively small differences between subsequent 
simulations. Contrastingly, for species with small home ranges, such as the common vole 
and the bank vole, locally occurring spots with high or low contaminant concentrations
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can exert large influence on the exposure concentration in a specific home range area, 
thus resulting in larger differences in exposure concentrations between subsequent 
runs. In addition, variation in the model predictions is influenced by food availability in 
relation to a species’ diet composition. Because the absence of diet items in a certain cell 
is compensated for by enlarging the diet fractions of items that are actually present, the 
share of each item in the diet of a receptor species is spatially variable. When a species’ 
diet is composed of items that differ considerably in cadmium accumulation 
characteristics, the absence of an item with low bioaccumulation potential might lead to 
an increased share of items with higher bioaccumulation potential and vice versa, thus 
resulting in larger variation in exposure concentrations. The model results for the 
weasel, for example, show relatively large variation in predicted exposure 
concentrations (CV = 0.19; Table 7.1), despite the species having the third largest home 
range. This is explained by a diet combining items with high (European mole, common 
shrew) and low (vegetation, rabbit) bioaccumulation potential.
Before further interpreting the model results, it should be noted that the results may 
be swayed by assumptions and simplifications inherent to the model approach. 
Predicted exposure concentrations might, for example, be inflated by the application of 
cell-specific cadmium concentrations in diet and prey items, which is likely to result in 
larger spatial heterogeneity in dietary concentrations than an approach allowing mobile 
diet items to encounter and accumulate spatially variable contamination before being 
consumed, thereby integrating and smoothing the spatial variation in environmental 
concentrations. Further, it should be noted that model predictions are specific to the 
study area. Should the model be applied to an area exhibiting larger or smaller 
heterogeneity in soil contamination levels or vegetation characteristics, the influence of 
the environmental heterogeneity on exposure concentrations might increase or 
decrease. In addition, the model results are specific to the species selected. Since 
variation in predicted exposure concentrations is influenced by home range size and 
diet preferences, application of the model to a different species might also result in 
smaller or larger variation in predicted exposure concentrations. Nevertheless, as the 
current species selection covers considerable variation in home range sizes (from 0.05 
to 250 ha) and diet preferences (including herbivores, carnivores, insectivores and 
omnivores), the application of other model species is expected to exert only minor 
influence on the variation in predicted exposure concentrations.
Assuming that exposure concentrations follow a log-normal distribution, the 
maximum amount of variation predicted by the model (i.e., 39%) roughly corresponds 
to only 2% of the individuals exceeding exposure levels of twice the average. This 
indicates that the influence of environmental heterogeneity on metal exposure 
concentrations for wildlife in river floodplains generally falls within a factor of two. 
These results are placed in perspective by the comparison with field data, which 
revealed that variation predicted by the model accounted for 11 to 16% of the variation 
in cadmium concentrations that were actually measured in four of the species from the 
study area. Assuming that the main environmental heterogeneity in floodplains is 
covered by the model (comprising the distribution of flood-free areas, the contaminant 
concentrations in soil, and species-specific habitat availability and habitat suitability, the 
latter including spatial heterogeneity in both ecotopes and food availability), it seems 
safe to state that environmental heterogeneity governs a minor part of the variation in 
metal exposure concentrations that can actually be observed in the field. Hence, it seems 
likely that intra-species variation in metal exposure concentrations in floodplains is
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mainly determined by intra-species variation in species traits such as body weight, daily 
food intake, diet preferences, prey age, and the assimilation and excretion of cadmium.
Free-living organisms are, however, not exposed to a single contaminant, but to a 
combination of chemical, physical and biological stressors of both natural and 
anthropogenic origin (Hope 2005). A stressor’s relative contribution to an organism’s 
overall risk of experiencing adverse effects might be altered by interactions of these 
different stressors. The model approach described in the present study has potential for 
the incorporation of additional stressors and their spatial variability, including for 
example other contaminants, food depletion, drought, competition, and predation. In 
addition, model realism can be further improved by including intra-species variation in 
relevant species traits. Albeit realisation of these aspects will require a considerable 
amount of time and resources, and especially the availability of (species-specific) 
ecological data may be a limiting factor, the perspective is challenging. It would enable 
the prediction of populations’ exposure to multiple stressors in an ecologically realistic 
and dynamic modelling environment.
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8.1 Introduction
Understanding ecosystem properties and processes under both natural conditions and 
anthropogenic influences is fundamental for ecosystem conservation and rehabilitation. 
The central aim of this thesis was to obtain more insight in the influences of land use, 
flooding and heavy metal contamination on biota in floodplains, with the ultimate goal 
to contribute to the knowledge required for the protection and rehabilitation of 
floodplain ecosystems. To that end, influences of the three stressors were studied 
separately or concomitantly for different groups of organisms in different study areas. 
By selecting, discussing and comparing relevant research results from the preceding 
chapters, the present chapter addresses the central thesis aim. First, the impacts of land 
use, flooding and heavy metal contamination on biota in floodplains are discussed per 
stressor, whereby attention is paid to their relative importance for organisms, 
populations and communities in the lowland Rhine River floodplains (section 8.2). Next, 
the combined impact of multiple stressors is tentatively addressed by comparing plant 
species richness between the ‘Wolfswaard’ floodplain (Nederrijn River) and the pristine 
study site along the Ob River (section 8.3). The chapter concludes by addressing the 
main implications of the results for floodplain management and rehabilitation (section 
8.4).
8.2 Impacts of land use, flooding and metal contamination on biota
8.2.1 Land use
Because land use includes a variety of activities (Chapter 1), it may result in various 
direct and indirect impacts on ecosystems. A profound impact of land use on ecosystems 
is governed by the process of land cover change, i.e., the eradication of natural habitat in 
favour of, for example, agriculture, industry and settlement (Alkemade et al. 2009; Sala 
et al. 2000; Tockner and Stanford 2002). However, more indirect effects of land use (e.g., 
application of fertilisers or pesticides) may also have significant influence (Haines- 
Young 2009). In riparian zones, where human population densities are mostly 
disproportionately high, land use may be very intensive (Sala et al. 2000; Tockner and 
Stanford 2002). This is also observed in the lowland Rhine River floodplains, which have 
a long history of gradually intensifying land use. Between the 11th and 15th century, a 
closed network of connected dikes have been constructed in these areas, in order to 
provide flood protection and facilitate conversion of the back-swamps into agricultural 
and urban land (Berendsen 1997; Lenders 2003; Wolf et al. 1997). The vast majority of 
the original floodplain habitats were gradually replaced by croplands, pastures and 
meadows, cities and villages, and industrial areas (Lenders 2003; Nienhuis et al. 2002). 
Such changes took place not only in the former floodplain areas behind the dikes, but 
also in the relatively narrow zones between the dikes and the channel, which make up 
the present-day floodplains. Especially during the 20th century land use greatly 
intensified in these areas, and many (semi-)natural floodplain habitats were replaced by 
in particular high-productive, species-poor pastures and meadows (Lenders 2003).
As a result of the various land use activities, the present-day lowland Rhine River 
floodplains are characterised by a heterogeneous mosaic of distinct land cover types, 
including for example croplands, meadows, hedgerows, and hard substrate (Appendix
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6.1; Fig. 6.3; Fig. 7.1). Such environmental heterogeneity strongly influences the 
occurrence and distribution of organisms, as observed for example for soil-dwelling 
invertebrates (Chapter 5) and various vertebrate species (Chapter 6; Chapter 7; 
Wijnhoven et al. 2005). Land use is not intrinsically detrimental for organisms, as 
habitats originating from or modified by land use activities may facilitate a variety of 
species. Examples include areas raised for the purpose of industrial activities, which 
provide animal refugia during large floods (Chapter 7; Wijnhoven et al. 2005; Wijnhoven 
et al. 2006b), or clay and sand excavation pits, which provide foraging and spawning 
sites for numerous species (Lenders 2003). Further, activities like mowing of vegetation 
may have beneficial consequences for certain species, notably through plant biomass 
removal, provided that the timing of mowing is attuned to the species’ life cycle (Chapter 
6). Land use as a whole is, however, generally ranked among the most important drivers 
of biodiversity decline worldwide (Alkemade et al. 2009; Haines-Young 2009; Sala et al. 
2000). Obviously, land cover change reduces the total area of natural habitat. Because 
area is a strong positive covariate of species diversity (Fig. 8.1; Huston 1994), reductions 
in floodplain area are expected to yield reductions in species diversity. In addition, land 
use activities tend to reduce the natural habitat heterogeneity (Tockner et al. 2010a). In 
the lowland Rhine River floodplains, for example, the construction of embankments has 
increased the sediment deposition rates per unit of area in the remaining floodplain 
areas, resulting in a relatively quick burial of original ‘ridge and swale’ topography and 
aeolian dunes (Lenders 2003). Although little is known about the relationships between 
species diversity and habitat heterogeneity (Tockner et al. 2010a), there is some 
evidence that habitat heterogeneity within a floodplain is a positive covariate of species 
diversity (Pollock et al. 1998), suggesting that reductions in natural floodplain 
heterogeneity yield reductions in species diversity (Fig. 8.1). Further, nutrient loads 
originating from agricultural activities may increase the productivity of natural 
vegetation, which in turn may yield a reduction in species diversity once primary 
productivity is driven beyond the optimum (Fig. 8.1; Grime 1973, 2001).
environmental heterogeneity
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Fig . 8 .1  Generalised relationships of species diversity with area or environmental heterogeneity (top) 
and with disturbance, stress, or primary productivity (bottom) (Connell 1978; Grime 1973, 2001; 
Huston 1994; Pollock et al. 1998).
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8.2.2 Flooding
In addition to direct habitat modifications governed by land use, anthropogenic 
activities may influence biota in floodplains indirectly, notably through modifications of 
the hydrological regime. In a natural river-floodplain system, lateral overflow of the 
river is usually not the only cause of inundation. Other contributing sources include 
surface runoff, precipitation and upwelling groundwater (Fig. 8.2), whereby upwelling 
groundwater may originate from the adjacent uplands, but also from sub-surface water 
fed by the river itself, by a process known as hyporheic exchange (Mertes 1997; Tockner 
and Stanford 2002). These additional water fluxes may lead to inundated conditions 
prior to flooding by lateral river overflow (Mertes 1997). This phenomenon was clearly 
observed in the Ob floodplain study site (Chapter 2), where a large flux of upwelling 
groundwater at the valley margin caused an excess of water in the shallow subsurface. 
The loosely structured root zone facilitated redistribution of the groundwater by lateral 
throughflow (Van Loon et al. 2009), resulting in flooded conditions persisting 
throughout almost the entire study site without noticeable influence of lateral river 
overflow. Such saturation with groundwater may impede the intrusion of river water 
(Chapter 2) and may provide a buffer to the hydrodynamic impacts of lateral overbank 
flow. The stable conditions and constant presence of water, either at the surface or 
within the root zone, was reflected in the presence of numerous facultative and obligate 
wetland species, including for example Thelypteris palustris, Calla palustris, Caltha 
palustris, Equisetum fluviatile, Menyanthes trifoliata, and Typha and Carex species 
(Appendix 8.1). Facilitated by the throughflow process, some of the typical wetland 
species, like Menyanthes trifoliata, were found in high abundance throughout almost the 
entire area (Chapter 2; Van Loon et al. 2009).
Uplands v  Uplands
\v\ Surface runoff River °verflow Surface runoff
L e ve e ^  ~  Levee Floodplain I  A I \  Floodplain
Groundwater flow
Hyporheic exchange
Fig . 8 .2  Schematic representation of the main water fluxes in a natural river-floodplain system. The 
direction of hyporheic exchange depends on the river water level relative to the hydraulic heads in the 
floodplain.
In the lowland Rhine River floodplains, water fluxes have significantly changed due to 
human interference. The embankments have confined the vertical accretion of sediment 
to the rather narrow zone between the river channel and the embankments, whereas
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the systematical drainage of the hinterland has been resulting in irreversible soil 
compaction and subsidence (Berendsen 1997). As a result, many of the present-day 
lowland Rhine River floodplains are elevated with respect to the surrounding landscape, 
yielding groundwater fluxes directed from the river corridor to the hinterland rather 
than the other way around (Vermonden et al. 2009). Where floodplains are directly 
bordering the adjacent uplands, inflowing surface runoff and groundwater flow are most 
likely reduced in comparison to the pristine situation, as a result of drainage and 
groundwater extraction. In the push moraines north of the Nederrijn River, for example, 
increasing groundwater extractions have resulted in a considerable reduction in 
piezometric heads throughout the past century, resulting in significantly reduced 
groundwater seepage in the adjacent lowlands (Barendregt et al. 1995). Due to the 
reduced inflow of water from upland sources (Fig. 8.3), the relative influence of the river 
as source of inundation has probably increased. As river discharge fluctuates much more 
than groundwater flow (Fig. 8.4; Ward and Robinson 1990), the lowland Rhine River 
floodplains are characterised by a more dynamic inundation regime than the pristine Ob 
floodplain. The dynamics are amplified even more because anthropogenic changes in the 
upstream catchment of the Rhine have significantly increased the amplitude of the river 
water levels, as well as the magnitude and frequency of high discharges (Brock et al. 
1987; Nienhuis et al. 2002; Van Eck et al. 2006). During periods of low discharge, mainly 
during summer and autumn, the floodplains are generally well-drained and for the 
major part terrestrial ecosystems. In winter and early spring, but increasingly often also 
during summer, high river discharges may result in quick floodplain inundation (Brock 
et al. 1987). Further, the water and hydro-dynamic energy are distributed over a much 
smaller area in comparison to the natural situation, due to the presence of the 
embankments (Berendsen 1997). As a result of these various changes, biota in the 
present-day lowland Rhine River floodplains are subject to much larger and less 
predictable flooding dynamics than in the pristine situation.
Fig . 8 .3  Schematic representation of the main water fluxes in the lowland Rhine River floodplain 
system. The direction of hyporheic exchange depends on the river water level relative to the hydraulic 
heads in the floodplain.
Push m oraines
Hyporheic exchange
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Fig . 8 .4  Water levels in the Ob floodplain and river water levels of the Nederrijn, relative to the 
average levels for the period June to October 2002. For details on water level measurements, see 
Chapters 2 & 3
Consequences of this altered flooding regime in terms of floodplain biological diversity 
are difficult to estimate, due to lacking historic reference records (Wolf et al. 1997) and 
confounding influences of other relevant factors (e.g., land cover change). Besides, the 
relationship between species richness and flooding disturbance is hump-shaped (Fig. 
8.1; Pollock et al. 1998), implying that an increase in disturbance magnitude or 
frequency could result in either an increase or a decrease in biodiversity, depending on 
the initial situation. Yet, for the lowland Rhine River floodplains it seems plausible that 
the increased unpredictability of flooding and the strong increase in water level 
amplitude has shifted both the frequency and the magnitude of flooding beyond the 
optimum. For example, the increased frequency of summer floods poses extraordinary 
stress on plants, as not only terrestrial but even typical wetland species have appeared 
very sensitive to complete submersion particularly during the growing season (Brock et 
al. 1987; Van Eck et al. 2006). In environments with such high disturbance levels, only 
highly tolerant or fugitive species can persist (Connell 1978). As such, it seems plausible 
that the human-induced alterations in flooding dynamics in the lowland Rhine River 
floodplains have resulted in a reduction in species richness with respect to the original, 
pristine situation. Further research would be required to confirm or reject this 
hypothesis.
8.2.3 Metal contamination
During recent years, much effort has been directed to assessing potential impacts of 
heavy metal contamination on biota in lowland Rhine River floodplains. Several studies 
indicate that current top-soil concentrations are probably too low to cause large impacts 
on plants and soil-dwelling invertebrate fauna. For example, the contribution of soil 
heavy metal concentrations to structuring invertebrate assemblages is generally 
subordinate to the contributions of other environmental variables (Chapter 4; Chapter 
5; Hobbelen et al. 2006; Ma et al. 1998; Ma et al. 2004). Earthworm abundance and 
species diversity were related to hydrodynamic characteristics and soil moisture 
content rather than to soil contamination (Hobbelen et al. 2006; Ma et al. 2004). 
Terrestrial arthropods seem to respond in particular to vegetation characteristics 
(Chapter 5; Fig. 8.5; Schaffers et al. 2008; Verdonschot et al. 2007), which in turn
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showed stronger relationships with land use (grazing) and flooding characteristics than 
with soil heavy metal contamination (Chapter 3; Fig. 8.5). Moreover, internal metal 
concentrations measured or estimated for plants or terrestrial invertebrates were 
generally lower than corresponding toxicity reference values, thus providing additional 
support for the conclusion that impacts for these groups of organisms are limited 
(Chapter 3; Hobbelen et al. 2004; Notten et al. 2005). Possibly, the absence of clear 
impacts on plants and invertebrates is due to the low bioavailability of metals in 
floodplain soils. Flooding lowers the redox potential and increases the pH of the soil, 
notably through the deposition of carbonate-rich sediments (Kashem and Singh 2001). 
This reduces the bioavailability of sediment-bound heavy metals and may thus result in 
a diminution of actual ecotoxicological risks (De Jonge et al. 1999; Hobbelen et al. 2004; 
Hobbelen et al. 2006; Van der Geest and Léon Paumen 2008). Alternatively, the 
phenomenon of pollution-induced community tolerance (PICT) could play a role. Under 
toxic stress, communities may develop increased tolerance to pollution, due to genetic 
or physiological adaptation at species or population level, or by the replacement of 
sensitive by more resistant populations (Boivin et al. 2002). This may explain why 
impacts of contamination cannot be revealed by analysing community composition. In 
addition, the presence of other stressors, like land use and flooding, may be of influence. 
If species’ tolerances to different stressors are positively correlated (Vinebrooke et al. 
2004), stress imposed by land use and flooding could have induced shifts in community 
composition towards species with higher tolerance to stress in general (Klok and Kraak 
2008; Tockner et al. 2010b). This may also explain why significant effects of soil 
contamination in the lowland Rhine River floodplains are limited, whereas negative 
effects of comparable soil contamination levels have actually been observed in other 
areas (Klok and Kraak 2008).
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beetle families
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Fig . 8 .5  Relative contributions of different environmental factors to structuring plant communities or 
arthropod assemblages. Percentages were derived from variance partitioning analyses using canonical 
correspondence analysis (CCA; for plants) or redundancy analysis (RDA; for arthropods). Details on 
data collection and analysis can be found in Chapters 3-5. WW = 'Wolfswaard' floodplain study area; 
EP = 'Ewijkse Plaat' floodplain study area.
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In contrast to the limited impacts revealed for invertebrates, various studies indicate 
that metal contamination levels in the floodplain soils may be high enough to induce 
toxic effects in certain vertebrates, notably vermivorous (i.e., earthworm-eating) species 
and their consecutive predators (Chapter 7; Hamers et al. 2006; Kooistra et al. 2001; 
Loos et al. 2010; Van den Brink et al. 2003; Wijnhoven et al. 2008). In general, risk 
assessments for vertebrate wildlife are hampered by the lack of representative species- 
specific toxicity reference values, which results in considerable uncertainty in the risk 
estimates (Kooistra et al. 2005; Loos et al. 2010; Schipper et al. 2008c). There is 
evidence, for example, that shrew species are less sensitive to heavy metals than the 
rodent species commonly used in toxicity testing (Shore and Douben 1994). This 
suggests that toxicological risks for vermivorous and insectivorous species in 
floodplains may be overestimated (Loos et al. 2010; Wijnhoven et al. 2008). 
Nevertheless, despite such uncertainties, exposure estimates exceeding toxicity 
standards indicate that negative health impacts cannot be excluded for the organisms 
exposed. However, this does not necessarily imply that the populations of these species 
will be significantly affected. Under current conditions, exposure estimates for 
organisms in lowland Rhine River floodplains are close to the corresponding toxicity 
reference values (Fig. 7.3), indicating that inter-individual variation in both exposure 
and tolerance might yield considerable numbers of individuals unaffected (Wijnhoven et 
al. 2008). Besides, populations might be replenished with individuals from less 
contaminated sites, like high-water-free areas or the hinterland, thus sustaining viable 
meta-populations (Ares 2003). Further, a certain time span is required for an organism 
to attain potentially toxic body burdens, particularly in case of slowly accumulating 
contaminants like cadmium, which may enable the organisms to reproduce before being 
affected (Loos et al. 2010). This is likely to happen particularly in floodplains, where the 
periodic flooding may act as a filter in favour of species with a short generation time 
(Klok and Kraak 2008). In addition to the uncertainty in toxicity reference values, these 
factors may explain why certain species predicted to be affected by heavy metal 
contamination, notably shrews and moles, are yet present in the lowland Rhine River 
floodplains. Potential population-level effects of contamination are probably restricted 
to species that are part of vermivorous food chains, have relatively long generation 
times, and permanently reside in the contaminated floodplains. A prominent example of 
such a species is the little owl Athene noctua, which has indeed shown lower 
reproduction rates in contaminated floodplains than in uncontaminated reference areas 
(Groen et al. 2000). Although the causal mechanisms behind this pattern are not known, 
such observations at least indicate that negative impacts of chemical pollution cannot be 
excluded for species like this.
8.3 Plant species composition in relation to multiple stressors
As anthropogenic influences on the lowland Rhine River date far back, records of the 
species composition and diversity in the original, pristine situation are lacking (Wolf et 
al. 1997). In absence of historic reference records, data from the Ob floodplain study site 
could tentatively be used as a reference, by serving as a so-called ‘space-for-time’ 
substitute (cf. Wassen et al. 2002b). The comparison may be hampered by some 
dissimilarity in large-scale environmental factors relevant for species composition and 
diversity, like climate and biogeographic region (Huston 1994; Mouw and Alaback
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2003). Such differences are reflected for example by the presence of certain boreal and 
Central Asian species in the Ob floodplain that are not occurring in the Netherlands (e.g., 
Chamaedaphne calyculata, Salix pyrolifolia, Salix bebbiana, Carex juncella, Lonicera 
altaica, Lonicera pallasii). Yet, the list of plant species recorded in the Ob floodplain 
(Appendix 8.1) shows large resemblance to the plant species register of the Netherlands 
(www.nederlandsesoorten.nl), indicating considerable overlap in the regional species 
pool. Hence, a comparison of the vegetation records from the pristine Ob floodplain and 
the cultivated Nederrijn floodplain may provide some indication of differences in local 
factors.
number of samples
Fig . 8 .6  Species accumulation curves for vegetation recordings from the Ob floodplain and the 
Nederrijn floodplain. Curves represent averages of 250 random permutations of the sample sequence 
(using BioDiversity Professional Beta 1 by N. McAleece). For details on species data collection, see 
Chapter 2 and Chapter 3. Species lists can be found in Appendix 8.1 and Appendix 8.2.
The comparison reveals several noteworthy differences in species composition and 
diversity (Appendix 8.1; Appendix 8.2; Fig. 8.6). Whereas the Ob floodplain harbours 
numerous obligate and facultative wetland species, such species were not encountered 
in the Nederrijn floodplain. In part, this could reflect natural differences in hydro- 
topographic setting, related to catchment properties or geological characteristics (e.g., 
incising fluvial system (Ob study site; Chapter 2) vs. aggrading fluvial system (lowland 
Rhine River; Erkens et al. 2006). However, the former floodplains of the lowland Rhine 
River were once covered by extensive mires (Lamers et al. 2002), indicating that land 
use and anthropogenic interferences with the hydrological regime bare large 
responsibility for the decline of wetland species. Instead of wetland species, the 
Nederrijn floodplain showed high abundance of grassland species that are commonly 
sown in meadows and pastures, like Dactylis glomerata, Lolium perenne and Poa 
pratensis (Appendix 3.1), clearly pointing at the influence of cultivation. Overall, species 
richness was much lower in the Nederrijn floodplain study site than in the Ob floodplain 
study site (Fig. 8.6). Possibly, due to the concomitant influence of multiple stressors, 
including land use, anthropogenically increased flooding dynamics and multiple 
contaminants, only highly tolerant species can persist (Chapter 3). In general, reduced 
species diversity may give rise to concern not only for ethical and aesthetical reasons, 
but also because it tends to result in reduced ecosystem resilience (Hooper et al. 2005;
113
Chapter 8
Myers 1996). As such, it may render a system more susceptible to negative impacts 
resulting from further stress, induced for example by climate change or exotic species 
invasions. Besides, it may decrease the system’s ability to recover once stress loads are 
relieved, and could thus hamper the potential for ecological rehabilitation (Rapport and 
Whitford 1999).
8.4 Implications for floodplain management and rehabilitation
Triggered by the extreme floods of 1993 and 1995, major reconstruction measures are 
performed in many floodplain sections along the Rhine River in the Netherlands, in 
order to enlarge the discharge capacity of the river corridor (Nienhuis et al. 2002; Van 
Stokkom et al. 2005). Potential measures include the creation of side channels, the 
removal of minor embankments and lowering of the floodplain surface (Straatsma et al. 
2009). In many cases, reconstruction measures are combined with ecological 
rehabilitation, whereby floodplain areas will be taken out of agricultural production and 
left to spontaneous vegetation succession (Nienhuis et al. 2002). The findings described 
in the present and preceding chapters give rise to a few considerations which may be 
useful for present and future floodplain management:
• For most terrestrial species in the present-day lowland Rhine River floodplains, 
effects of heavy metal contamination are likely limited or subordinate to influences 
of other environmental factors, notably periodical flooding.
• Species with certain combinations of specific traits (e.g., feeding on earthworms, 
relatively long generation time, permanent residence) may be more susceptible to 
adverse impacts of heavy metal contamination. This may warrant attention 
particularly in case of endangered, protected or key-stone species, like the little owl.
• The concomitant influence of other stressors, notably flooding, may increase the 
vulnerability of organisms to adverse effects of contamination. This implies that an 
integral approach is required to assess multiple stressor impacts in floodplain 
ecosystems. Multivariate statistical techniques and receptor-oriented exposure 
modelling provide promising approaches to such integrated assessments.
• As river-floodplain systems are subject to multiple stressors, changes pertaining to 
one specific stressor could affect the relative and combined influences of the others. 
This may imply that chemical pollution which seems unimportant in the present 
situation could hamper the return of river-floodplain specific organisms upon 
rehabilitation measures pertaining to, for instance, land use and flooding regime.
• Species relying on present-day land use and management practices (e.g., mowing) 
are unlikely to benefit from reconstruction and rehabilitation measures, as many of 
these measures will eventually yield much wetter habitats and much denser 
vegetation. Species affected may include not only species foreign to river-floodplain 
systems, but also characteristic species like the corncrake (Van Turnhout et al. 
2010).
• In strongly heterogeneous environments like floodplains, the relative importance of 
different environmental factors can be assessed based on relatively coarse 
taxonomic data. However, more taxonomic detail will be beneficial for detecting 
more subtle effects of, for instance, land use and contamination.
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general discussion
• Each measure or change brought about in a river-floodplain system may relate to 
several drivers of landscape and biological diversity. For example, lowering of a 
floodplain surface may increase the connectivity with the river, which may facilitate 
erosion and sedimentation processes. This in turn may increase environmental 
heterogeneity and could thus enhance landscape and species diversity (Fig. 8.1). 
However, lowering of a floodplain surface while preserving the major embankments 
may at the same time yield a flooding disturbance regime beyond the level optimal 
for landscape and biological diversity. Hence, it is well possible that management 
and reconstruction measures may yield different, contrasting impacts on floodplain 
biota. This emphasises the relevance of a multiple stressor approach in both 
research and management pertaining to river-floodplain systems.
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Appendices
Appendix 3.1 Vegetation recordings in the 'Wolfswaard' study area.
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Appendix 5.1 Vegetation plot clustering produced by TWINSPAN.
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Class ^  class Order Family
2007 2008 Total
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
Dermaptera 2 5 42 64 5 4 3 1 3 0 7 7 8 151
Hemiptera 26 288 710 178 309 355 342 118 35 7 15 23 44 2450
Hymenoptera Formicidae 648 2169 731 546 808 290 200 35 2 1 2 73 477 5982
Malacostraca Isopoda 75 139 671 472 390 340 217 216 166 146 57 175 237 3301
Total arthropods 3076 7272 6671 4898 4867 4113 2802 1849 934 951 439 1680 2544 42096
Total beetles 506 1032 1751 1409 1308 664 696 485 125 95 97 306 535 9009
Number of samples 28 30 29 30 30 29 30 30 19 26 29 28 28
Appendix 5.3 Total numbers of ground beetles.
2007 2008Genus Species Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr Total
Acupalpus exiguus 0 1 0 1 0 0 0 0 0 0 0 1 0 3
Agonum emarginatum 1 0 0 0 0 0 0 1 0 0 0 0 1 3
micans 0 0 0 1 1 0 2 1 0 0 0 0 0 5
mueiieri 0 0 4 1 1 0 0 0 0 2 0 2 0 10
Amara aenea 4 8 16 3 0 0 0 0 0 0 0 0 2 33
anthobia 0 0 1 0 1 0 0 0 0 0 0 0 0 2
aulica 0 0 1 4 6 5 0 0 0 0 0 1 1 18
communis 5 7 5 6 2 1 1 0 0 0 0 2 3 32
convexior 0 5 3 3 1 0 0 0 0 0 1 0 1 14
curta 1 0 0 0 0 0 0 0 0 0 0 0 0 1
equestris 0 0 0 0 0 1 0 0 0 0 0 0 0 1
famiiiaris 1 0 2 0 0 0 0 0 0 0 0 0 0 3
lunicollis 0 2 1 1 0 0 0 0 0 0 0 0 0 4
ovata 0 0 0 0 0 1 0 0 0 0 0 0 0 1
p/ebeja 0 1 1 0 0 0 0 0 0 0 0 0 0 2
simiiata 6 2 1 0 0 0 0 0 0 0 0 0 0 9
Anchomenus dorsalis 0 15 29 13 12 5 4 0 13 2 4 6 6 109
Asaphidion curtum 0 0 0 0 0 0 0 0 0 1 0 0 0 1
favipes 0 1 0 0 0 0 0 0 0 0 0 0 0 1
Badister bu/iatus 7 0 4 2 4 0 0 0 2 0 0 0 0 19
iacertosus 0 2 0 3 0 0 0 0 0 0 0 0 0 5
soda/is 0 0 1 0 0 0 0 0 0 0 0 0 0 1
Bembidion aeneum 0 0 0 0 0 0 0 0 0 0 0 0 1 1
biguttatum 1 0 0 5 1 0 1 2 0 2 0 0 1 13
giivipes 8 4 3 8 5 0 3 3 2 3 13 7 24 83
guttuia 0 0 4 3 2 0 1 1 1 2 1 6 27 48
iunuiatum 2 0 1 2 0 0 0 0 0 0 0 1 2 8
obtusum 0 0 0 0 0 0 0 0 2 1 0 1 2 6
properans 11 2 19 7 20 1 2 2 0 1 0 1 7 73
tetracoium 0 2 0 14 8 1 8 9 0 1 0 0 1 44
Bradyceiius harpaiinus 0 0 0 0 0 0 0 0 1 1 0 0 0 2
verbasci 0 0 0 0 0 0 1 0 0 0 0 0 0 1
Caiathus melanocephalus 0 0 0 0 1 0 0 0 0 0 0 0 0 1
Carabus granuiatus 5 3 6 6 4 1 0 0 0 0 0 3 2 30
moni/is 0 5 34 23 4 0 0 0 0 0 0 0 1 67
divina fossor 1 1 1 4 2 2 0 0 0 0 0 0 3 14
Genus 2007 2008 Totalspecies
Apr May Jun Jul Aug Sep O n r-r Nov Dec Jan Feb Mar Apr
Epaphius secalis 0 0 0 1 1 0 0 0 0 0 0 0 0 2
Harpalus affinis 5 11 22 13 14 1 0 0 0 0 0 0 3 69
distinguendus 1 0 0 0 0 0 0 0 0 0 0 0 0 1
rufipes 0 26 39 63 89 2 0 0 0 0 0 0 0 219
Leistus fulvibarbis 0 3 2 0 0 1 5 3 9 4 0 0 2 29
rufomarginatus 0 0 2 0 0 0 0 2 1 0 0 0 0 5
Limodromus assimilis 7 6 14 22 18 6 1 0 0 0 0 4 7 85
Loricera piiicornis 1 0 3 1 0 0 4 0 0 0 0 0 1 10
Nebria brevicoi/is 4 140 41 7 1 28 102 83 16 6 3 3 1 435
Notiophiius biguttatus 0 0 0 0 0 0 1 0 0 1 0 1 2 5
palustris 0 1 0 0 0 0 0 0 0 0 0 0 0 1
rufipes 0 0 0 1 0 1 0 0 1 0 0 0 0 3
substriatus 4 0 0 0 0 0 0 0 0 0 2 0 0 6
Oodes he/opioides 0 1 0 0 0 0 0 0 0 0 0 0 0 1
Ophonus rufibarbis 0 0 0 3 0 0 0 0 0 0 0 0 0 3
Panagaeus cruxmajor 0 2 3 0 3 1 0 0 0 0 0 0 1 10
Paradromius linearis 0 2 0 0 0 0 0 0 0 0 0 0 0 2
Patrobus atrorufus 0 0 0 0 0 0 0 0 0 0 0 0 1 1
Phiiorhizus melanocephalus 0 1 0 0 0 0 0 0 0 0 0 0 0 1
sigma 5 5 0 0 0 0 0 1 0 0 0 0 1 12
Poeci/us cupreus 14 7 23 8 5 1 3 0 0 0 0 0 5 66
versicolor 1 1 0 0 0 0 0 0 0 0 0 0 0 2
Pterostichus anthracinus 1 0 0 0 0 0 0 0 0 0 0 0 0 1
melanarius 4 8 272 288 209 54 7 1 0 0 0 2 2 847
niger 0 0 0 0 0 1 0 0 0 0 0 0 0 1
nigrita 0 0 0 0 0 0 0 0 0 0 0 0 1 1
strenuus 3 1 1 0 1 0 3 4 1 0 2 6 13 35
vemalis 3 0 3 9 5 0 4 2 2 1 0 5 4 38
Stomis pumicatus 1 1 10 9 10 0 0 1 0 1 0 0 1 34
Synuchus viva/is 0 0 1 0 1 0 0 0 0 0 0 0 0 2
Trechoblemus micros 0 0 0 1 0 0 0 0 0 0 0 0 0 1
Trechus quadristriatus 0 0 0 0 0 2 2 0 0 0 0 0 0 4
Total 107 277 573 536 432 116 155 116 51 29 26 52 130 2600
Number of samples 28 30 29 30 30 29 30 30 19 26 29 28 28
Appendix 6.1 Distribution of corncrake records over ecotope types.
___Corncrake records
LL.ULUJJC type
n %
herbaceous floodplain 107 20.4
floodplain production grassland 107 20.4
floodplain natural pasture 97 18.5
floodplain grassland (natural pasture/production grassland) 39 7.4
production grassland on high-water-free area 22 4.2
herbaceous high-water-free area 17 3.2
high-water-free natural pasture 17 3.2
herbaceous marsh 13 2.5
high-water-free grassland (natural pasture/production grassland) 13 2.5
natural levee or floodplain natural pasture 11 2.1
floodplain arable land 9 1.7
herbaceous natural levee or floodplain 8 1.5
deep river channel 7 1.3
natural levee or floodplain production grassland 7 1.3
moderately deep side channel 6 1.1
arable land on high-water-free area 6 1.1
natural levee or floodplain reed 4 0.8
deep side channel 4 0.8
marshy natural pasture 3 0.6
natural levee or floodplain grassland (natural pasture/production grassland) 3 0.6
softwood floodplain forest 2 0.4
floodplain softwood shrubs or pioneer forest 2 0.4
floodplain production forest 2 0.4
floodplain shrubs 2 0.4
floodplain natural forest 2 0.4
very deep floodplain water body 2 0.4
temporarily bare floodplain 2 0.4
production meadow 1 0.2
marshy natural pasture/marshy production meadow 1 0.2
moderately deep river channel 1 0.2
shallow side channel 1 0.2
temporarily bare high-water-free area 1 0.2
natural levee or floodplain arable land 1 0.2
helophyte marsh 1 0.2
sand bar/sandy beach along freshwater 1 0.2
dynamic fresh to slightly brackish shallow water 1 0.2
high-water-free forest 1 0.2
Total 524 100
A p p e n d ix  6 .2  Characteristics of models within 4 AIC units from the most optimal model (A¡ < 4). 
Table A: Model coefficients and AIC weights (w).
Spatial terms Patch scale Home range scale Floodplain scale constant Df A, w,X Y AU500 PA PS PD PRD SIEI PHA NRA FA FS PD PRD SIEI PHA NRA
1 - - 27.3 0.42 - - - - 0.83 0.36 - - - - - - - 5.22 5 0.00 0.029
2 - - 27.1 0.46 - - - - 0.80 0.33 - - - - 0.31 0.27 - 5.08 7 0.22 0.026
3 - 0.22 26.7 0.48 - - - - 0.79 0.35 - - - - 0.34 0.28 - 4.97 8 0.24 0.026
4 - - 27.2 0.45 - - - - 0.87 0.33 - - - - 0.20 - - 5.15 6 0.67 0.021
5 - 0.18 27.1 0.43 - - - - 0.82 0.37 - - - - - - - 5.14 6 0.68 0.021
6 - 0.20 26.9 0.46 - - - - 0.86 0.34 - - - - 0.22 - - 5.06 7 0.96 0.018
7 0.24 - 27.0 0.47 - - - - 0.84 0.31 - - - - 0.25 - - 5.10 7 0.98 0.018
8 - - 27.3 0.42 - - - - 0.77 0.37 - - - - - 0.15 - 5.20 6 0.99 0.018
9 0.17 - 27.3 0.43 - - - - 0.80 0.35 - - - - - - - 5.19 6 1.05 0.017
10 - - 27.4 0.42 - - - - 0.81 0.37 - -0.19 - - - - - 5.20 6 1.12 0.016
11 0.19 - 27.0 0.48 - - - - 0.79 0.32 - - - - 0.34 0.23 - 5.05 8 1.22 0.016
12 - - 27.4 0.42 - - - - 0.82 0.36 0.10 - - - - - - 5.23 6 1.39 0.014
13 - - 27.2 0.46 - - - - 0.87 0.33 0.18 - - - 0.24 - - 5.16 7 1.40 0.014
14 - - 27.7 0.40 - - - - 0.85 - - - - - - - 0.33 5.33 5 1.41 0.014
15 - - 27.2 0.45 - - - - 0.85 0.34 - -0.23 - - 0.22 - - 5.12 7 1.46 0.014
16 - 0.21 26.9 0.47 - - - - 0.86 0.35 0.20 - - - 0.27 - - 5.06 8 1.46 0.014
17 - 0.21 27.3 0.41 - - - - 0.83 - - - - - - - 0.37 5.17 6 1.50 0.014
18 - - 27.4 0.40 0.11 - - - 0.84 0.36 - - - - - - - 5.22 6 1.55 0.013
19 - 0.23 26.7 0.45 0.13 - - - 0.81 0.35 - - - - 0.34 0.29 - 4.97 9 1.60 0.013
20 - 0.18 27.1 0.43 - - - - 0.76 0.38 - - - - - 0.15 - 5.11 7 1.65 0.013
21 - - 27.1 0.46 - - - - 0.80 0.34 - -0.16 - - 0.31 0.23 - 5.07 8 1.71 0.012
22 - - 27.0 0.45 - -0.16 - - 0.74 0.35 - - - - 0.33 0.28 - 5.06 8 1.72 0.012
23 - - 27.1 0.44 0.11 - - - 0.82 0.33 - - - - 0.31 0.27 - 0.98 8 1.78 0.012
24 - - 27.3 0.42 - - - - 0.80 0.36 - - - -0.11 - - - 5.18 6 1.79 0.012
25 - 0.20 26.9 0.46 - - - - 0.84 0.35 - -0.22 - - 0.24 - - 5.05 8 1.80 0.012
26 - 0.18 27.2 0.42 - - - - 0.80 0.38 - -0.18 - - - - - 5.13 7 1.83 0.012
27 - - 27.3 0.42 - -0.08 - - 0.79 0.37 - - - - - - - 5.22 6 1.85 0.011
28 - 0.21 26.8 0.47 - - - - 0.79 0.36 - -0.14 - - 0.34 0.24 - 4.97 9 1.85 0.011
29 - - 27.4 0.44 - - - 0.07 0.86 0.35 - - - - - - - 5.21 6 1.87 0.011
30 - 0.21 26.7 0.47 - -0.13 - - 0.74 0.37 - - - - 0.36 0.29 - 4.95 9 1.88 0.011
31 - - 27.4 0.43 - - 0.07 - 0.86 0.35 - - - - - - - 5.23 6 1.89 0.011
32 - 0.18 27.2 0.43 - - - - 0.81 0.38 0.11 - - - - - - 5.15 7 1.97 0.011
33 - 0.22 26.8 0.49 - - 0.10 - 0.84 0.34 - - - - 0.34 0.29 - 4.99 9 2.01 0.011
34 0.22 - 27.1 0.47 - - - - 0.83 0.32 0.17 - - - 0.28 - - 5.12 8 2.02 0.011
35 - - 27.1 0.47 - - 0.08 - 0.84 0.33 - - - - 0.31 0.28 - 5.10 8 2.09 0.010
Spatial terms Patch scale Home range scale Floodplain scale constant Df a , w,X Y AU500 PA PS PD PRD SIEI PHA NRA FA FS PD PRD SIEI PHA NRA
36 - 0.19 27.2 0.40 0.12 - - - 0.84 0.37 - - - - - - - 5.15 7 2.10 0.010
37 - - 26.9 0.46 - - - - 0.80 0.35 - - -0.10 - 0.34 0.25 - 5.03 8 2.10 0.010
38 - 0.22 26.7 0.49 - - - 0.05 0.82 0.35 - - - - 0.34 0.28 - 4.96 9 2.17 0.010
39 0.06 0.19 26.7 0.48 - - - - 0.79 0.34 - - - - 0.35 0.27 - 4.97 9 2.18 0.010
40 - - 27.1 0.48 - - - 0.03 0.82 0.33 - - - - 0.31 0.27 - 5.09 8 2.19 0.010
41 - - 26.9 0.45 - - - - 0.85 0.35 - - -0.18 - 0.26 - - 5.06 7 2.20 0.010
42 - - 27.0 0.45 - - - - 0.84 0.33 - - - -0.17 0.22 - - 5.09 7 2.22 0.010
43 - 0.21 26.7 0.48 - - - - 0.79 0.35 - - -0.03 - 0.35 0.27 - 4.95 9 2.22 0.010
44 0.21 - 27.1 0.47 - - - - 0.83 0.32 - -0.18 - - 0.26 - - 5.09 8 2.23 0.009
45 - - 27.2 0.43 0.10 - - - 0.88 0.33 - - - - 0.19 - - 5.16 7 2.26 0.009
46 0.18 - 27.6 0.41 - - - - 0.82 - - - - - - - 0.32 5.28 6 2.38 0.009
47 - 0.21 26.7 0.46 - - - - 0.83 0.35 - - - -0.19 0.24 - - 4.98 8 2.41 0.009
48 - 0.21 26.9 0.43 0.12 - - - 0.88 0.34 - - - - 0.22 - - 5.07 8 2.42 0.009
49 0.16 0.13 26.9 0.47 - - - - 0.85 0.33 - - - - 0.25 - - 5.06 8 2.46 0.008
50 - 0.22 27.1 0.44 - - - - 0.87 - - - - - 0.17 - 0.31 5.14 7 2.52 0.008
51 0.24 - 27.1 0.45 0.11 - - - 0.86 0.31 - - - - 0.25 - - 5.11 8 2.53 0.008
52 - - 27.6 0.43 - - - - 0.88 - - - - - 0.16 - 0.28 5.29 6 2.57 0.008
53 0.25 - 27.0 0.46 - -0.14 - - 0.79 0.33 - - - - 0.27 - - 5.08 8 2.59 0.008
54 0.23 - 26.9 0.47 - - - - 0.83 0.33 - - -0.15 - 0.30 - - 5.03 8 2.67 0.008
55 - 0.19 26.7 0.46 - - - - 0.85 0.36 - - -0.14 - 0.27 - - 5.00 8 2.68 0.008
56 0.20 - 26.9 0.47 - -0.16 - - 0.73 0.34 - - - - 0.36 0.24 - 5.02 9 2.69 0.008
57 0.20 - 27.0 0.45 0.11 - - - 0.80 0.32 - - - - 0.33 0.23 - 5.06 9 2.74 0.007
58 - 0.22 27.0 0.44 0.13 - - - 0.87 0.35 0.20 - - - 0.27 - - 5.07 9 2.83 0.007
59 - - 27.7 0.40 - - - - 0.83 - - -0.14 - - - - 0.33 5.32 6 2.90 0.007
60 - 0.22 27.3 0.39 0.12 - - - 0.85 - - - - - - - 0.36 5.17 7 2.91 0.007
61 0.18 - 27.0 0.47 - - - - 0.79 0.33 - -0.12 - - 0.33 0.20 - 5.05 9 2.91 0.007
62 0.24 - 27.5 0.45 - - - - 0.86 - - - - - 0.21 - 0.26 5.24 7 2.93 0.007
63 - 0.21 26.9 0.46 - - - - 0.84 0.35 0.16 -0.16 - - 0.27 - - 5.05 9 2.95 0.007
64 - 0.21 27.3 0.41 - - - - 0.82 - - -0.14 - - - - 0.36 5.17 7 3.00 0.006
65 - - 27.7 0.38 0.10 - - - 0.86 - - - - - - - 0.33 5.33 6 3.00 0.006
66 - - 27.7 0.44 - - - 0.10 0.90 - - - - - - - 0.32 5.31 6 3.10 0.006
67 - - 27.8 0.40 - - - - 0.82 - - - - - - 0.09 0.32 5.35 6 3.10 0.006
68 - 0.22 27.2 0.45 - - - 0.11 0.89 - - - - - - - 0.36 5.15 7 3.10 0.006
69 - 0.22 26.8 0.44 0.13 - - - 0.81 0.36 - -0.15 - - 0.34 0.25 - 4.97 10 3.16 0.006
70 - 0.21 27.0 0.43 0.13 - - - 0.86 0.35 - -0.23 - - 0.24 - - 5.06 9 3.17 0.006
71 - 0.21 27.3 0.41 - - - - 0.81 - - - - - - 0.09 0.35 5.18 7 3.20 0.006
72 - 0.21 26.9 0.46 - -0.11 - - 0.81 0.36 0.20 - - - 0.28 - - 5.05 9 3.20 0.006
73 0.11 0.16 26.9 0.47 - - - - 0.84 0.34 0.19 - - - 0.28 - - 5.06 9 3.22 0.006
74 - - 27.8 0.40 - - - - 0.85 - 0.07 - - - - - 0.32 5.36 6 3.24 0.006
Spatial terms Patch scale Home range scale Floodplain scale constant Df A, w,X Y AU500 PA PS PD PRD SIEI PHA NRA FA FS PD PRD SIEI PHA NRA
75 - - 27.7 0.40 - -0.09 - - 0.82 - - - - - - - 0.34 5.32 6 3.24 0.006
76 - - 28.2 0.43 - - - - 0.86 - - - - - 0.37 0.26 - 5.49 6 3.25 0.006
77 - 0.22 27.3 0.42 - - 0.10 - 0.88 - - - - - - - 0.36 5.19 7 3.29 0.006
78 - 0.22 26.7 0.44 0.12 -0.12 - - 0.76 0.37 - - - - 0.36 0.29 - 4.95 10 3.29 0.006
79 - 0.22 27.2 0.45 - - - - 0.83 - - - - - 0.27 0.20 0.26 5.14 8 3.29 0.006
80 - - 27.7 0.41 - - 0.07 - 0.89 - - - - - - - 0.32 5.34 6 3.29 0.006
81 - 0.22 27.0 0.47 - - 0.09 - 0.90 0.34 0.20 - - - 0.26 - - 5.08 9 3.29 0.006
82 - 0.22 26.9 0.49 - - - 0.06 0.88 0.34 0.20 - - - 0.26 - - 5.05 9 3.37 0.005
83 - 0.23 26.8 0.46 0.13 - 0.11 - 0.85 0.34 - - - - 0.34 0.30 - 4.99 10 3.37 0.005
84 - 0.21 26.8 0.47 - - - - 0.85 0.36 0.19 - -0.08 - 0.29 - - 5.02 9 3.38 0.005
85 0.27 - 28.0 0.45 - - - - 0.88 - - - - - 0.32 - - 5.45 6 3.38 0.005
86 - - 27.7 0.43 - - - - 0.84 - - - - - 0.26 0.19 0.23 5.31 7 3.40 0.005
87 0.06 0.18 27.3 0.42 - - - - 0.83 - - - - - - - 0.36 5.18 7 3.41 0.005
88 - 0.21 27.2 0.41 - -0.06 - - 0.81 - - - - - - - 0.37 5.17 7 3.42 0.005
89 - 0.22 27.3 0.42 - - - - 0.84 - - - 0.06 - - - 0.36 5.20 7 3.44 0.005
90 - 0.20 26.7 0.46 - -0.14 - - 0.74 0.37 - -0.15 - - 0.36 0.25 - 4.95 10 3.45 0.005
91 - 0.23 26.8 0.47 0.14 - - 0.06 0.84 0.34 - - - - 0.33 0.29 - 4.97 10 3.48 0.005
92 - 0.19 26.9 0.45 - -0.12 - - 0.79 0.37 - -0.23 - - 0.25 - - 5.04 9 3.49 0.005
93 0.22 - 27.2 0.45 0.12 - - - 0.85 0.32 0.18 - - - 0.28 - - 5.12 9 3.52 0.005
94 0.05 0.20 26.8 0.45 0.13 - - - 0.81 0.35 - - - - 0.34 0.27 - 4.98 10 3.55 0.005
95 - - 28.3 0.42 - - - - 0.92 - - - - - 0.26 - - 5.54 5 3.57 0.005
96 0.11 0.15 26.9 0.47 - - - - 0.83 0.34 - -0.20 - - 0.26 - - 5.05 9 3.57 0.005
97 - 0.22 26.7 0.45 0.13 - - - 0.81 0.35 - - -0.03 - 0.35 0.28 - 4.96 10 3.59 0.005
98 - 0.21 26.8 0.48 - - 0.10 - 0.83 0.35 - -0.14 - - 0.33 0.25 - 4.99 10 3.62 0.005
99 - 0.20 26.8 0.46 - - - - 0.83 0.35 - -0.19 - -0.09 0.25 - - 5.01 9 3.69 0.005
100 - 0.20 27.0 0.46 - - 0.06 - 0.87 0.34 - -0.22 - - 0.24 - - 5.06 9 3.71 0.005
101 0.21 - 27.1 0.44 0.11 - - - 0.84 0.32 - -0.19 - - 0.26 - - 5.10 9 3.74 0.004
102 - 0.21 26.7 0.49 - -0.15 - 0.07 0.77 0.36 - - - - 0.35 0.29 - 4.94 10 3.74 0.004
103 0.21 - 27.0 0.46 - -0.15 - - 0.77 0.34 - -0.19 - - 0.28 - - 5.08 9 3.74 0.004
104 - 0.20 26.9 0.47 - - - 0.04 0.86 0.35 - -0.22 - - 0.24 - - 5.04 9 3.75 0.004
105 - 0.20 26.9 0.46 - - - - 0.84 0.36 - -0.21 -0.05 - 0.26 - - 5.02 9 3.76 0.004
106 - 0.22 27.2 0.44 - - - - 0.85 - - -0.18 - - 0.19 - 0.30 5.14 8 3.78 0.004
107 - 0.21 26.8 0.49 - - - 0.04 0.81 0.35 - -0.14 - - 0.33 0.24 - 4.96 10 3.80 0.004
108 - 0.22 26.7 0.43 0.13 - - - 0.84 0.35 - - - -0.20 0.24 - - 4.99 9 3.82 0.004
109 0.03 0.19 26.8 0.47 - - - - 0.79 0.35 - -0.13 - - 0.34 0.24 - 4.97 10 3.83 0.004
110 - - 28.7 0.38 - - - - 0.87 - - - - - - - - 5.68 4 3.94 0.004
111 - 0.23 27.2 0.41 0.12 - - - 0.88 - - - - - 0.17 - 0.31 5.14 8 3.95 0.004
Table B: Standard errors (SE^).
Spatial terms Patch scale Home range scale Floodplain scale
X Y AU500 PA PS PD PRD SIEI PHA NRA FA FS PD PRD SIEI PHA NRA constant
1 - - 3.06 0.11 - - - - 0.17 0.14 - - - - - - - 0.98
2 - - 3.06 0.12 - - - - 0.18 0.14 - - - - 0.19 0.17 - 0.98
3 - 0.15 3.01 0.12 - - - - 0.18 0.15 - - - - 0.19 0.17 - 0.96
4 - - 3.05 0.11 - - - - 0.17 0.14 - - - - 0.17 - - 0.98
5 - 0.15 3.03 0.11 - - - - 0.17 0.14 - - - - - - - 0.97
6 - 0.15 3.02 0.12 - - - - 0.17 0.15 - - - - 0.17 - - 0.96
7 0.19 - 3.04 0.12 - - - - 0.18 0.14 - - - - 0.18 - - 0.97
8 - - 3.07 0.11 - - - - 0.18 0.14 - - - - - 0.15 - 0.98
9 0.18 - 3.06 0.11 - - - - 0.17 0.14 - - - - - - - 0.98
10 - - 3.04 0.11 - - - - 0.17 0.14 - 0.21 - - - - - 0.97
11 0.19 - 3.05 0.12 - - - - 0.18 0.15 - - - - 0.19 0.17 - 0.97
12 - - 3.07 0.11 - - - - 0.17 0.14 0.10 - - - - - - 0.98
13 - - 3.06 0.12 - - - - 0.17 0.14 0.13 - - - 0.18 - - 0.98
14 - - 3.11 0.11 - - - - 0.17 - - - - - - - 0.14 0.99
15 - - 3.03 0.11 - - - - 0.17 0.14 - 0.21 - - 0.18 - - 0.97
16 - 0.15 3.01 0.12 - - - - 0.17 0.15 0.13 - - - 0.18 - - 0.96
17 - 0.15 3.05 0.11 - - - - 0.17 - - - - - - - 0.15 0.97
18 - - 3.06 0.11 0.15 - - - 0.17 0.14 - - - - - - - 0.98
19 - 0.15 3.01 0.12 0.15 - - - 0.18 0.15 - - - - 0.19 0.17 - 0.96
20 - 0.15 3.03 0.11 - - - - 0.18 0.14 - - - - - 0.15 - 0.97
21 - - 3.04 0.12 - - - - 0.18 0.14 - 0.22 - - 0.19 0.17 - 0.97
22 - - 3.07 0.12 - 0.22 - - 0.20 0.15 - - - - 0.20 0.17 - 0.98
23 - - 3.06 0.12 0.15 - - - 0.18 0.14 - - - - 0.19 0.17 - 0.98
24 - - 3.07 0.11 - - - - 0.18 0.14 - - - 0.25 - - - 0.98
25 - 0.15 3.00 0.11 - - - - 0.18 0.15 - 0.21 - - 0.17 - - 0.96
26 - 0.15 3.02 0.11 - - - - 0.17 0.14 - 0.20 - - - - - 0.96
27 - - 3.07 0.11 - 0.21 - - 0.19 0.15 - - - - - - - 0.98
28 - 0.15 3.00 0.12 - - - - 0.18 0.15 - 0.22 - - 0.19 0.17 - 0.96
29 - - 3.07 0.13 - - - 0.18 0.19 0.14 - - - - - - - 0.98
30 - 0.15 3.03 0.12 - 0.22 - - 0.20 0.15 - - - - 0.20 0.17 - 0.97
31 - - 3.07 0.11 - - 0.21 - 0.20 0.14 - - - - - - - 0.98
32 - 0.15 3.03 0.11 - - - - 0.17 0.14 0.10 - - - - - - 0.97
33 - 0.15 3.01 0.12 - - 0.22 - 0.20 0.15 - - - - 0.19 0.17 - 0.96
34 0.19 - 3.05 0.12 - - - - 0.18 0.14 0.15 - - - 0.18 - - 0.97
35 - - 3.07 0.12 - - 0.22 - 0.20 0.14 - - - - 0.19 0.17 - 0.98
36 - 0.15 3.03 0.12 0.15 - - - 0.17 0.14 - - - - - - - 0.96
37 - - 3.08 0.12 - - - - 0.18 0.15 - - 0.28 - 0.21 0.17 - 0.99
Spatial terms Patch scale Home range scale Floodplain scale
X Y AU500 PA PS PD PRD SIEI PHA NRA FA FS PD PRD SIEI PHA NRA constant
38 - 0.15 3.02 0.14 - - - 0.18 0.20 0.15 - - - - 0.19 0.17 - 0.96
39 0.23 0.18 3.02 0.12 - - - - 0.18 0.15 - - - - 0.19 0.17 - 0.96
40 - - 3.07 0.13 - - - 0.18 0.20 0.15 - - - - 0.19 0.17 - 0.98
41 - - 3.06 0.11 - - - - 0.18 0.15 - - 0.27 - 0.20 - - 0.98
42 - - 3.06 0.11 - - - - 0.18 0.14 - - - 0.26 0.18 - - 0.98
43 - 0.15 3.03 0.12 - - - - 0.18 0.15 - - 0.28 - 0.21 0.17 - 0.97
44 0.19 - 3.03 0.12 - - - - 0.18 0.15 - 0.22 - - 0.18 - - 0.96
45 - - 3.05 0.12 0.15 - - - 0.18 0.14 - - - - 0.17 - - 0.97
46 0.18 - 3.09 0.11 - - - - 0.17 - - - - - - - 0.14 0.99
47 - 0.15 3.02 0.12 - - - - 0.18 0.15 - - - 0.27 0.18 - - 0.97
48 - 0.15 3.01 0.12 0.16 - - - 0.18 0.15 - - - - 0.17 - - 0.96
49 0.22 0.18 3.02 0.12 - - - - 0.18 0.15 - - - - 0.18 - - 0.97
50 - 0.15 3.04 0.12 - - - - 0.17 - - - - - 0.18 - 0.16 0.97
51 0.19 - 3.04 0.12 0.16 - - - 0.18 0.15 - - - - 0.18 - - 0.97
52 - - 3.10 0.11 - - - - 0.17 - - - - - 0.18 - 0.15 0.99
53 0.19 - 3.06 0.12 - 0.22 - - 0.19 0.15 - - - - 0.18 - - 0.98
54 0.19 - 3.06 0.12 - - - - 0.18 0.15 - - 0.28 - 0.20 - - 0.98
55 - 0.15 3.03 0.12 - - - - 0.18 0.15 - - 0.27 - 0.20 - - 0.97
56 0.19 - 3.07 0.12 - 0.22 - - 0.20 0.15 - - - - 0.20 0.17 - 0.98
57 0.19 - 3.05 0.12 0.15 - - - 0.18 0.15 - - - - 0.19 0.17 - 0.97
58 - 0.15 3.01 0.12 0.16 - - - 0.17 0.15 0.12 - - - 0.18 - - 0.96
59 - - 3.10 0.11 - - - - 0.17 - - 0.20 - - - - 0.14 0.99
60 - 0.15 3.04 0.12 0.15 - - - 0.17 - - - - - - - 0.15 0.97
61 0.20 - 3.04 0.12 - - - - 0.18 0.15 - 0.23 - - 0.19 0.18 - 0.97
62 0.19 - 3.08 0.12 - - - - 0.17 - - - - - 0.18 - 0.16 0.98
63 - 0.15 3.00 0.12 - - - - 0.17 0.15 0.15 0.22 - - 0.18 - - 0.96
64 - 0.15 3.04 0.11 - - - - 0.17 - - 0.20 - - - - 0.15 0.97
65 - - 3.10 0.11 0.15 - - - 0.17 - - - - - - - 0.14 0.99
66 - - 3.12 0.13 - - - 0.18 0.19 - - - - - - - 0.14 1.00
67 - - 3.12 0.11 - - - - 0.17 - - - - - - 0.16 0.14 1.00
68 - 0.15 3.05 0.13 - - - 0.18 0.19 - - - - - - - 0.15 0.98
69 - 0.15 3.00 0.12 0.15 - - - 0.18 0.15 - 0.22 - - 0.19 0.17 - 0.96
70 - 0.15 3.00 0.12 0.15 - - - 0.18 0.15 - 0.21 - - 0.17 - - 0.95
71 - 0.15 3.06 0.11 - - - - 0.18 - - - - - - 0.15 0.15 0.98
72 - 0.15 3.03 0.12 - 0.22 - - 0.19 0.15 0.12 - - - 0.18 - - 0.97
73 0.22 0.18 3.02 0.12 - - - - 0.18 0.15 0.14 - - - 0.18 - - 0.96
74 - - 3.13 0.11 - - - - 0.17 - 0.15 - - - - - 0.14 1.00
75 - - 3.12 0.11 - 0.22 - - 0.19 - - - - - - - 0.15 1.00
76 - - 3.12 0.11 - - - - 0.18 - - - - - 0.19 0.16 - 0.99
Spatial terms Patch scale Home range scale Floodplain scale
X Y AU500 PA PS PD PRD SIEI PHA NRA FA FS PD PRD SIEI PHA NRA constant
77 - 0.15 3.05 0.11 - - 0.21 - 0.20 - - - - - - - 0.15 0.97
78 - 0.15 3.02 0.12 0.15 0.22 - - 0.20 0.15 - - - - 0.20 0.17 - 0.97
79 - 0.15 3.05 0.12 - - - - 0.18 - - - - - 0.20 0.17 0.16 0.97
80 - - 3.11 0.11 - - 0.21 - 0.20 - - - - - - - 0.15 0.99
81 - 0.15 3.02 0.12 - - 0.22 - 0.20 0.15 0.12 - - - 0.18 - - 0.96
82 - 0.15 3.02 0.13 - - - 0.19 0.19 0.15 0.13 - - - 0.18 - - 0.96
83 - 0.15 3.01 0.13 0.16 - 0.22 - 0.20 0.15 - - - - 0.19 0.17 - 0.96
84 - 0.15 3.03 0.12 - - - - 0.18 0.15 0.13 - 0.27 - 0.19 - - 0.97
85 0.19 - 3.08 0.11 - - - - 0.17 - - - - - 0.18 - - 0.98
86 - - 3.12 0.12 - - - - 0.18 - - - - - 0.20 0.18 0.16 1.00
87 0.21 0.18 3.06 0.11 - - - - 0.17 - - - - - - - 0.15 0.98
88 - 0.15 3.06 0.11 - 0.22 - - 0.19 - - - - - - - 0.15 0.98
89 - 0.15 3.05 0.11 - - - - 0.17 - - - 0.22 - - - 0.15 0.98
90 - 0.15 3.02 0.12 - 0.23 - - 0.20 0.15 - 0.22 - - 0.19 0.17 - 0.96
91 - 0.15 3.01 0.14 0.16 - - 0.18 0.20 0.15 - - - - 0.19 0.17 - 0.96
92 - 0.15 3.01 0.11 - 0.22 - - 0.19 0.15 - 0.21 - - 0.18 - - 0.96
93 0.19 - 3.05 0.12 0.16 - - - 0.18 0.14 0.14 - - - 0.18 - - 0.97
94 0.23 0.18 3.01 0.12 0.15 - - - 0.18 0.15 - - - - 0.19 0.17 - 0.96
95 - - 3.10 0.11 - - - - 0.17 - - - - - 0.17 - - 0.99
96 0.23 0.18 3.01 0.12 - - - - 0.18 0.15 - 0.22 - - 0.18 - - 0.96
97 - 0.15 3.02 0.12 0.15 - - - 0.18 0.15 - - 0.28 - 0.21 0.17 - 0.97
98 - 0.15 3.00 0.12 - - 0.22 - 0.20 0.15 - 0.22 - - 0.19 0.17 - 0.96
99 - 0.15 3.01 0.11 - - - - 0.18 0.15 - 0.23 - 0.28 0.18 - - 0.96
100 - 0.15 3.00 0.11 - - 0.21 - 0.20 0.15 - 0.21 - - 0.17 - - 0.96
101 0.19 - 3.03 0.12 0.15 - - - 0.18 0.15 - 0.22 - - 0.18 - - 0.96
102 - 0.15 3.04 0.13 - 0.23 - 0.19 0.21 0.15 - - - - 0.20 0.17 - 0.97
103 0.19 - 3.04 0.12 - 0.22 - - 0.19 0.15 - 0.22 - - 0.18 - - 0.97
104 - 0.15 3.00 0.13 - - - 0.19 0.20 0.15 - 0.21 - - 0.18 - - 0.96
105 - 0.15 3.02 0.11 - - - - 0.18 0.15 - 0.22 0.29 - 0.20 - - 0.96
106 - 0.15 3.03 0.11 - - - - 0.17 - - 0.21 - - 0.18 - 0.16 0.97
107 - 0.15 3.01 0.13 - - - 0.18 0.20 0.15 - 0.22 - - 0.19 0.17 - 0.96
108 - 0.15 3.01 0.12 0.16 - - - 0.18 0.15 - - - 0.27 0.18 - - 0.96
109 0.24 0.18 3.00 0.12 - - - - 0.18 0.15 - 0.23 - - 0.19 0.18 - 0.96
110 - - 3.12 0.10 - - - - 0.17 - - - - - - - - 0.99
111 - 0.15 3.03 0.12 0.15 - - - 0.17 - - - - - 0.18 - 0.16 0.97
Appendix 7.1 Diet composition for 10 vertebrate species selected for exposure modelling.
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Bank vole 4.0 76.3 19.7 1
Common shrew 10.9 15.8 4.0 40.6 15.8 12.9 2
Common vole 100 3
European mole 80 20 4
Rabbit 100 5
Wood mouse 12.5 79.7 7.8 1
Badger 54.5 6.8 8.7 16.4 1.5 0.7 2.2 9.3 6
Kestrel 2.1 96 1.9 4
Little owl 26 21 14 27 12 4
Weasel 1.5 19.5 1.5 32 1.5 25.9 18.3 7
a Dietary fractions are expressed as percentages fresh weight.
b 1 = (Watts 1968); 2 = (Rudge 1968); 3 = (Lange et al. 1994; Rinke 1990, 1991); 4 = (Jongbloed et al. 1996); 5 = 
(Jongbloed et al. 1996; Lange et al. 1994; Southern 1965); 6 = (Kruuk and Parish 1981); 7 = (McDonald et al. 2000).
A p p e n d ix  7 .2  Indices for ecotope suitability (ES¡). 0 = unsuitable; 0.5 = marginal; 1 = suitable.
Ecotope Vegetation and invertebrates a Small mammals
a Top predators a
A B C D E F G H I J K L M N O P Q R
1 Natural levee production meadow 1 1 1 1 0 1 0 1 0 0 0.5 1 1 0 1 1 0 1
2 Paved/built up high-water-free terrace 0 1 1 1 0 0 0 0 0 0.5 0 0 0 1 1 1
3 High-water-free production meadow 1 1 1 1 0 1 0 1 0 0 0.5 1 1 0 1 1 0 1
4 Floodplain production meadow 1 1 1 1 0 1 0 1 0 0 0.5 1 1 0 1 1 0 1
5 Herbaceous swamp 1 1 1 0 1 1 1 0 0.5 0 0 0.5 0 0 0 0
6 Herbaceous natural levee 1 1 1 1 0 1 1 1 1 1 0 1 1 0.5 1 1 1 1
7 Bare high-water-free terrace 1 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0
8 Rich-structured herbaceous floodplain 1 1 1 1 0 1 1 1 1 1 0 1 1 0.5 0 1 0 1
9 High-water-free rough herbage 1 1 1 1 0 1 1 1 1 0 0 1 1 0.5 0 1 1 1
10 High-water-free natural pasture 1 1 1 1 0 1 0 1 0 0 0.5 1 1 0 1 1 1 1
11 Arable natural levee 1 1 1 1 1 1 0 1 0 0 0 1 1 0 1 0 1 0
12 Rich structured marshy floodplain pasture 1 1 1 1 0 1 0 1 0 0.5 0.5 0 0 0 1 0 1
13 Paved/built up floodplain 1 1 1 0 0 0 0 0 0 0 0 0 1 0
14 Natural levee softwood forest 1 1 1 1 0 1 1 1 0.5 0.5 0 1 1 1 1 0 1 1
15 Rich-structured floodplain pasture 1 1 1 1 0 1 0 1 0 0.5 1 1 1 0 1 1 0 1
16 Closed floodplain channel 0 0 0 0 0 0 0 0 0 0 0
17 Natural levee softwood shrubs 1 1 1 1 0 1 1 1 0.5 0.5 0 1 1 1 1 0 1 1
18 Natural levee pasture 1 1 1 1 0 1 0 1 0.5 0.5 1 1 1 0.5 1 1 1 1
19 Bare natural levee 1 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0
20 Closed lake 0 0 0 0 0 0 0 0 0 0 0 0
21 Marshy floodplain softwood forest 1 1 1 1 0 1 1 1 0.5 0.5 0 0 0 1 0 0 0 1
22 Paved/built up natural levee 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0
23 Floodplain softwood forest 1 1 1 1 0 1 1 1 0.5 0.5 0 1 1 1 1 0 0 1
24 Marshy floodplain softwood shrubs 1 1 1 1 0 1 1 1 1 0.5 0 0 0 0.5 0 0 0 1
25 Floodplain softwood shrubs 1 1 1 1 0 1 1 1 0.5 0.5 0 1 1 1 1 0 0 1
26 Floodplain hardwood shrubs 1 1 1 1 0 1 1 1 0.5 0.5 0 1 1 1 1 0 0 1
27 Natural levee hardwood shrubs 1 1 1 1 0 1 1 1 0.5 0.5 0 1 1 1 1 0 1 1
28 Poor-structured herbaceous floodplain 1 1 1 1 0 1 1 1 0 0 1 1 1 0 0 1 0 1
29 Sand bar/sandy beach 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Referenceb * * * * * * * * 1 1 1 2 3 1 4 5 6 3
a A = Earthworms; B = Spiders; C = Isopods; D = Insects; E = Maize; F = Vegetation; G = Fruits; H = Gastropods; I  = Bank vole; J = Common shrew; K = 
Common vole; L = European mole; M = Rabbit; N= Wood mouse; O = Badger; P = Kestrel; Q = Little owl; R = Weasel; for earthworms (A) all ecotopes except 
paved/built up terrain, open water, and swamps are assumed to be suitable. For arthropods (B,C,D) all ecotopes except open water are assumed to be suitable. 
Maize (E) is assumed to occur only on arable natural levee. Vegetation (F) is assumed to occur in all ecotopes except paved/built-up terrain, bare terrain and 
open water. Fruits (wild berries; G) are assumed to occur in all natural ecotopes except reed swamp and open water ( i.e., not in pastures and meadows). For 
gastropods (H) all ecotopes with vegetation are assumed to be suitable.
b 1 = (Wijnhoven et al. 2005); 2 = (Lange et al. 1994; Ma and Talmage 2001; Southern 1965); 3 = (Lange et al. 1994; Southern 1965); 4 = (Duel et al. 1996); 5 
= (Hustings and Vergeer 2002; Village 1990); 6 = (De Nooij et al. 2001; Hustings and Vergeer 2002; Van den Brink et al. 2003); *  = based on expert judgment.
A p p e n d ix  7 .3  Model parameters to derive cadmium concentrations (mg-kg-1 dw) in vegetation and invertebrates (Y) from soil concentrations (X).
Item Equation Additional information & Reference Water content (% ) a
Vegetation Y = 0.24X Field data; mean of BAFs for 32 plant species from various lowland floodplain areas of the Rhine River, the 
Netherlands (Schröder 2005; Verkleij et al. 2000)
82.1 b
Maize Y = 0.42X Literature review; BAF based on mean values of total soil concentrations and concentrations in maize plants 
(n=79) derived from 10 studies (Tudoreanu and Phillips 2004)
21.0 c
Fruits Y = 0 .10X Field data; BAF based on mean total concentrations of Cd in soil and in four wild berry species ( Vaccinium 
vitisidae, Vaccinium myrtiiius, Rubus chamaemous, Empetrum hermaphroditum, n = 35) from taiga-tundra 
forest, Russia (Barcan et al. 1998)
83.1 d
Gastropods log Y = 0.56 + 0.63-log X Field data; equation based on total concentrations of Cd in soil and the land snail (Cepaea nemoraiis) from 
a lowland floodplain area in the Rhine-Meuse delta (the Netherlands) (n=40; r=0.57, p<0.001) (Notten et 
al. 2005)
82.6 d
Insects ln Y = -0.27 + 0.29 ln X Field data; equation based on total concentrations of Cd in soil and beetles (Coleoptera) from a lowland 
floodplain of the Rhine River (the Netherlands) (n=33, r=0.68, p<0.001) (Schipper et al. 2008b)
71.1 d
Spiders ln Y = 1.3 + 0.21ln X Field data; equation based on total concentrations of Cd in soil and spiders (Araneae) from a lowland 
floodplain of the Rhine River (the Netherlands) (n=29, r=0.36, p=0.06) (Schipper et al. 2008b)
69.7 d
Isopods log Y = 0.81 + 0.62-log X Field data; equation based on total concentrations of Cd in soil and isopods (Porceiiio scabei) from 
deciduous woodland, UK (n=48; r=0.89, p<0.001) (Hopkin et al. 1993)
66.7 d
Earthworms log Y = 1.3 + 0.32-log X Field data; equation based on total soil concentrations and concentrations in three abundant earthworm 
species (Lumbricus rubeiius, Aiioiobophora chiorotica, and Aporrectodea caliginosa) in the ADW study area 
(n=67, r=0.22, p=0.07) (Van Vliet et al. 2005)
82.0 d
a Water contents are used to convert dry-weight concentrations to fresh-weight concentrations. 
b From Crocker et al. (2002). 
c From FAO (1998a). 
d From Jongbloed et al. (1996).
Appendix 7.4 Species-specific model parameters for vertebrate species.a
Species HR MHA CD BW
DFI FR
Cal. Rec. Cal. Rec. Cal. Rec.
A
Bank vole 0.148 (0.0200 - 1.10) b 13 120 c 18.2 (11.7 - 29.4) d 17.6 - 0.97 - 3.59 3.4 e 102
Common shrew 0.0502 (0.0090 - 0.280) f 18 120 c 7.93 (4.78 - 13.5) d 5.34 - 0.67 0.6 - 1.5 g 4.73 - 77.2
Common vole 0.0212 (0.0030 - 0.150) h 14 350 i 18.2 (10.8 - 33.4) d 17.8 14 - 30 j 0.98 - 3.60 - 101
European mole 0.212 (0.020 - 2.25) k 9.4 350 ¡ 95.4 (65 - 140) l 49.4 40 - 50 m 0.52 0.7 - 0.9 m 2.08 - 175
Rabbit 3.11 (0.500 -  19.4) ' 16 - 1732 (1200 -  2500) o 603 450 p 0.35 - 0.80 - 274
Wood mouse 0.224 (0.0230 - 2.18) f 10 500 ¡ 16.5 (11.7 - 23.7) d 15.7 - 0.95 - 3.71 3.95 q 98.3
Badger 74.8 (14 - 400) r 19 0 - - - - - - - -
Kestrel 205 (74 - 569) s 36 - - - - - - - - -
Little owl 6.20 (1 - 38.5) t 16 - - - - - - - - -
Weasel 14.7 (1 - 216) u 6.8 0 - - - - - - - -
a HR = home range (ha), values are given as median (minimum -  maximum), with maximum and minimum HRs derived from literature and log(median HR) = (log(max 
HR)+log(min HR))/2; MHA (dimensionless) = minimum habitat area expressed as percentage of the home range HA = (minimum HR/median HR)-100; CD = colonisation 
distance (m), whereby a CD of 0 indicates that the set of potential starting cells for model simulations is restricted to flood-free areas; BW = body weight (g fw), values are 
given as median (minimum -  maximum). Study area-specific field data are used for bank vole (n=64), common shrew (n=69), common vole (n=31) and wood mouse 
(n=28) (Wijnhoven et al. 2007); values for European mole and rabbit are calculated as log(median body weight) = (log(maximum body weight) + log(minimum body 
weight))/2 with maximum and minimum body weights derived from literature; DFI = daily food intake (g'd-1 fw), with Cal. = calculated as DFI (g d -1 dw) = a-body weightb, 
with regression parameters a and b derived from the U.S. Environmental Protection Agency (US-EPA 1993) and converted from dry weight to fresh weight using data on 
diet composition (Appendix 7 .1 ) and water content of diet items (Appendix 7 .3 ), and Rec. = recorded from literature; FR = feeding rate (g-g-1,d-1 fw), with Cal. = 
calculated as DFI- BW-1; kp = production rate per year (kg'kg-1y-1 fw), with Cal. = calculated as kp = 365-qT'Yp'body weight-k with q-r (temperature correction factor) = 3.5, 
Yp (intercept standardised to 20°C) = 7.5'10-4 and -k = -0.33 (Hendriks 2007), and Rec. = recorded from literature; A = age (d) at death, calculated as A = 1/(kp ■ 365-1) if 
A < 274 d, otherwise A = 274 d.
b From Bjärvall and Ullström (1995); Wijnhoven et al. (2005); c From Wijnhoven et al. (2006b); Wijnhoven et al. (2007); d From Wijnhoven et al. (2007); e From Banse and 
Mosher (1980); f From Wijnhoven et al. (2005); g From Lange et al. (1994); Ma and Talmage (2001); Ma and Van der Voet (1993); h From Bjärvall and Ullström (1995); 
Briner et al. (2005); Wijnhoven et al. (2005); 1 From S. Wijnhoven, Radboud University Nijmegen, the Netherlands, unpublished data; j From Balk et al. (1992); Bjärvall and 
Ullström (1995); k From Bjärvall and Ullström (1995); Lange et al. (1994); Ma and Talmage (2001); MacDonald et al. (1997); ' From Crocker et al. (2002); IJsseling and 
Scheygrond (1943); Komarnicki (2000); Lange et al. (1994); Ma and Talmage (2001); MacDonald et al. (1997); Southern (1965); m From Godfrey and Crowcroft (1960); 
Hawkins and Jewell (1962); Lange et al. (1994); Ma and Talmage (2001); n From Hulbert et al. (1996); o From Crocker et al. (2002); Lange et al. (1994); p From Southern 
(1965); q Value for Apodemus flavicollus, from Banse and Mosher (1980); r From Banse and Mosher (1980); Faber et al. (2004); Kruuk and Parish (1987); Lange et al. 
(1994); Lensink et al. (2001); s From Village (1982); t From Faber et al. (2004); Schönn et al. (1991); u From Jedrzejewski et al. (1995); King (1975); Lange et al. (1994).
k
A p p e n d ix  7 .5  Derivation of predicted no-effect concentrations (PNECs; mg-kg"1 food) from no­
observed effect concentrations (NOECs; mg-kg"1 food) for cadmium. a
Species NOEC EMR/FMR F C C lab b■o(UCfCF FAE la b  c F A E fie ld PNEC
Bank vole 3.5 d 0.41 e 16.8 e 3.66 74.6 86.1 e 0.27
Common shrew 4.4 f 0.41 e 16.8 e 6.03 86.6 86.1 e 0.64
Common vole 4.4 f 0.41 e 16.8 e 3.93 74.0 86.1 e 0.36
European mole 4.4 f 0.41 e 16.8 e 3.84 88.0 86.1 e 0.42
Rabbit 4.4 f 0.41 e 16.8 e 3.93 74.0 86.1 e 0.36
Wood mouse 4.4 f 0.41 e 16.8 e 4.18 75.7 86.1 e 0.39
Badger 4.4 f 0.41 e 16.8 e 4.91 84.0 86.1 e 0.51
Kestrel 12 g 0.41 e 13.7 e 7.10 84.0 67.0 h 3.2
Little owl 12 g 0.41 e 13.7 e 6.06 77.0 67.0 h 2.5
Weasel 4.4 f 0.41 e 16.8 e 7.07 85.0 86.1 e 0.74
a EMR/FMR = existence metabolic rate/field metabolic rate (dimensionless); FCC = food caloric 
content (kJ-g-1) ; FAE = food assimilation efficiency (dimensionless); PNEC calculated as PNEC 
= NOEC ■ EMR/FMR ■ FCCfie|d/FCC|ab ■ FAEfie|d/FAE|ab (Traas et al. 1996). 
b Calculated according to diet composition (Appendix 7.1) and mean caloric content of diet 
items (wood mouse, European mole, bank vole, common shrew, common vole, rabbit 7.1 kJ/g 
(Traas et al. 1996); earthworms 3 kJ/g (Traas et al. 1996); insects, isopods, spiders 7.2 kJ/g 
(Traas et al. 1996); gastropods 5.2 kJ/g (Traas et al. 1996); vegetation 3.93 kJ/g (Crocker et 
al. 2002); maize 14.48 kJ/g (Crocker et al. 2002); fruits 1.92 kJ/g (US-EPA 1993)). 
c Calculated according to diet composition (Appendix 7.1) and predator/prey-specific food 
assimilation efficiencies (Crocker et al. 2002). 
d From Bialonska et al. (2002). 
e From Traas et al. (1996).
f Geometric mean of reported NOECs for several mammalian species (Bialonska et al. 2002; 
Doyle et al. 1974; Loeser 1980; Masaoka et al. 1994; Phillips et al. 2003; Powell et al. 1964). 
g Geometric mean of reported NOECs for several bird species (Congiu et al. 2000; Leach et al. 
1979; Pribilincova et al. 1995; Scheuhammer 1987; Supplee 1961; Swiergosz and Kowalska 
2000; White and Finley 1978).
h From Crocker et al. (2002).___________________________________________________________
A p p e n d ix  8 .1  List of plant taxa recorded in the Ob mire (Tanneberger and Hahne 2003).
Abietinella abietina Dactyiorhiza gebridensis Plagiochila aspienioides
Agrostis gigantea Dactylorhiza incarnata agg. Plagiochila porelloides
Agrostis stolonifera Dicranum poiysetum Plagiomnium cuspidatum
Amblystegiella subtilis Dicranum scoparium Plagiomnium ellipticum
Amblystegium juratzkanum Distichium capillaceum Plagiomnium unduiatum
Amblystegium serpens Drepanociadus aduncus Piagiothecium curvifoiium
Amblystegium varium Drepanociadus vernicosus Plagiothecium denticuiatum
Andromeda polifolia Epiiobium ciiiatum Pieurozium schreberi
Angelica archangelica Epiiobium hirsutum Poa palustris
Angelica sylvestris Epiiobium palustre Poa pratensis
Auiacomnium palustre Epipactis palustris Poa triviaiis
Betuia humilis Equisetum fluviatile Pohlia nutans
Betula nana Equisetum palustre Polemonium caeruleum
Betuia pubescens Equisetum pratense Popuius tremula
Brachythecium miideanum Equisetum syivaticum Potentila palustris
Brachythecium salebrosum Eriophorum angustifoiium Ptilidium pulcherrimum
Brachythecium starkei var explanatum Festuca rubra agg. Pyrola rotundifolia
Bryum creberrimum Filipendula ulmaria Ranunculus acris
Bryum pseudotriquetrum Fissidens adianthoides Rhytidiadelphus squarrosus
Bryum weigeiii Frangula ainus Ribes hispidulum
Calamagrostis canescens Galium boreale Ribes nigrum
Calamagrostis iangsdorfii Galium palustre Rosa acicularis
Calamagrostis phragmitoides Galium uiiginosum Rubus arcticus
Calamagrostis spec. Geranium pratense Rubus saxati/is
Calamagrostis stricta Geum rivale Rumex aquaticus
Calamagrostis stricta x  phragmitoides He/odium biandowii S ax bebbiana
Calla palustris Herminium monordiis S ax bicolor
Calliergon cordifoiium Hieracium umbellatum Salix caprea
Calliergon giganteum Homaiothecium nitens Salix cinerea
Calliergonella cuspidata Hypnum iindbergii Salix cinerea x  iapponum
Callitriche palustris Hypnum pratense Salix iapponum
Caltha palustris Juniperus communis Salix myrtilloides
Campyiium chrysophyllum Lathyrus palustris Salix pentandra
Campyiium poiygamum Lathyrus pratensis S ax pyroiifoiia
Campyiium sommerfeitii Lemna minor S ax rosmarinifoiia
Campyiium stellatum Lemna trisulca S ax rosmarinifoiia x  cinerea
Campyiium stellatum var. protensum Leptobryum pyriforme Sanguisorba officinalis
Caragana arborescens Leskea polycarpa Sanionia uncinata
Cardamine pratensis Liparis loese/ii Saxifraga hircuius
Carex appropinquata Lonicera altaica Scolochloa festucacea
Carex cespitosa Lonicera paiasii Scutellaria galericulata
Carex cf. muricata agg. Lophocolea heterophyHa Sphagnum capillifolium
Carex chordorrhiza Lophocoiea minor Sphagnum teres
Carex diandra Lychnis flos-cuculi Stachys palustris
Carex dioica Lycopus europaeus Stellaria crassifoiia
Carex disperma Lysimachia thyrsifìora Stellava graminea
Carex elongata Lysimachia vulgaris Stellava palustris
Carex lasiocarpa Lythrum salicaria Thalictrum minus
Carex limosa Maiaxis monophyllos Theiypteris palustris
Carex rostrata Menyanthes trifoliata Thuidium phiiibertii
Cephaloziella spec Mnium stellare Thuidium recognitum
Ceratodon purpureus Myurella juiacea Timmia megapolitana
Chamaedaphne calyculata Parnassia palustris Trisetum sibiricum
Chiloscyphus pailescens Pedicuiaris palustris Typha latifolia
Chiloscyphus poiyanthos Petasites frigidus Urtica dioica
Cicuta virosa Peucedanum palustre Utricuiaria intermedia
Ciimadum dendroides Peucedanum sa Unum Vaccinium oxycoccos
Cnidium dubium Phaiaris arundinacea Vaccinium uiiginosum
Cornus alba Phragmites australis Viburnum opulus
Crepis iyrata Picea obovata Vicia cracca
Cypripedium macranthon Pinus sylvestris
Appendix 8.2 List of plant taxa recorded in the Wolfswaard floodplain.
Achillea millefolium  
Alliaria petiolata 
Aiopecurus pratensis 
Ardium lappa 
Arrhenatherum elatius 
Artemisia vulgaris 
Atrip/ex prostrata 
Beilis perennis 
Brom us hordeaceus 
Calystegia sepium 
Capsella bursa 
Cardamine pratensis 
Carduus crispus 
Carex hirta 
Cerastium fontanum 
Chaerophyllum temuium 
Cirsium arvense 
Crataegus monogyna 
Crepis capillaris 
Dactylis glomerata 
Eiytrigia repens 
Epiiobium hirsutum 
Equisetum arvense 
Festuca pratensis 
Festuca rubra
Fraxinus excelsior 
Galium aparine 
Geranium molle 
Glechoma hederacea 
Heracieum sphondylium 
Hoicus ianatus 
Lamium album 
Lolium perenne 
Lysimachia nummularia 
Melilotus spec.
Ononis repens 
Persicaria amphibia 
Phaiaris arundinacea 
Plantago lanceolata 
Plantago major 
Poa annua 
Poa pratensis 
Poa trivia/is 
Polygonum aviculare 
Potentila anserina 
Potentilla reptans 
Prunella vulgaris 
Prunus avium 
Quercus robur 
Ranunculus acris
Ranunculus repens 
Rorippa sylvestris 
Rosa canina 
Rubus caesius 
Rubus fruticosus 
Rumex acetosa 
Rumex crispus 
Rumex obtusifo/ius 
Rumex pratensis 
Salix alba 
Salix viminalis 
Sambucus nigra 
Soianum dulcamara 
Stachys palustris 
Stellaria aquatica 
Taraxacum officinale 
Trifolium pratense 
Trifolium repens 
Tripleurospermum maritimum 
Urtica dioica 
Valeriana officinalis 
Veronica arvensis 
Vicia sepium
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Summary
Summary
Floodplains are among the most dynamic and diverse, yet most threatened ecosystems 
on earth. For a solid underpinning of floodplain conservation and rehabilitation 
measures, it is critical to understand floodplain properties and processes, both in 
natural conditions and under anthropogenic pressure. The central aim of this thesis was 
to increase insight in the influences of multiple stressors on biota in floodplains 
(Chapter 1). Three groups of stressors were selected, which are generally considered 
important in floodplain ecosystems: flooding, land use, and contamination. The separate 
or concomitant impacts of these stressors were investigated for different groups of 
organisms, including plants, terrestrial arthropods and vertebrates (birds, mammals).
The major part of the research was conducted in floodplain areas of the Rhine River in 
the Netherlands. These floodplains have a long history of land use and received large 
loads of persistent contaminants, notably metals, during the past century. To obtain a 
reference image of a pristine floodplain, characteristics of flooding and vegetation were 
also investigated along the Ob River in Western Siberia, where influences of 
anthropogenic stressors were virtually absent (Chapter 2). Field measurements 
(hydraulic heads, precipitation) and hydrological modeling revealed a profound 
influence of upwelling groundwater. At the valley margin, a large influx of groundwater 
caused a surplus of water in the shallow subsurface, which was laterally distributed 
through the loosely structured root zone. This resulted in wet conditions and a high 
abundance of typical wetland plants in the major part of the study site. Compared to the 
vegetation sampled in a lowland Rhine River floodplain, the Ob floodplain vegetation 
showed a higher abundance of typical wetland species and a higher species richness 
(Chapter 8).
Concomitant influences of flooding, pollution and land use on biota in floodplains were 
investigated based on field surveys of plant communities and terrestrial arthropod 
assemblages in two floodplain areas along the Rhine River (Chapters 3-5). The data 
were analysed with multivariate statistical techniques designed to relate variation in 
taxonomic composition to multiple explaining variables. In general, the influence of 
heavy metal contamination on taxonomic composition was subordinate to the influences 
of other environmental factors. For plant species composition, flooding characteristics 
and land use (grazing) turned out more important than contamination levels (Chapter 
3). Nevertheless, plant species richness significantly decreased with increasing 
contamination levels, even though single contaminant concentrations were mostly 
below levels reported to cause phytotoxic effects in plants. Possibly, the negative 
relationship between plant species richness and soil metal concentrations is explained 
by unmeasured, co-varying environmental factors that may influence plant species 
richness, such as grazing intensity, nutrient availability or land use history. 
Alternatively, the relationship observed might reflect combined effects of multiple 
stressors, for example multiple contaminants or contamination combined with non­
chemical stressors like flooding.
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Terrestrial arthropods showed stronger relationships with flooding or vegetation 
characteristics than with soil properties and metal contamination (Chapter 4-5). These 
findings were consistent across four arthropod datasets of different taxonomic detail: 
ground beetle species, ground beetle genera, beetle families and arthropod groups at 
class-order level (Chapter 5). Possibly, the large environmental heterogeneity of the 
study area requires such different adaptation mechanisms that it was reflected not only 
by species composition, but also by taxonomic composition at higher levels. Hence, in 
strongly heterogeneous environments like floodplains, relatively coarse taxonomic data 
may suffice to obtain an indication of the relative importance of different environmental 
factors. Yet, the ground beetles showed a higher specificity for different vegetation types 
and a more distinct relationship with soil contamination than the coarser arthropod 
taxa. This indicates that more taxonomic detail is beneficial for detecting and 
quantifying more subtle effects of land use and contamination.
Influences of land use on species distribution were studied in detail by analysing 
breeding site locations of a floodplain-specific bird species, the corncrake (Crex crex) 
(Chapter 6). Corncrake records comprised observations of singing males (2001-2007) 
obtained in the floodplains along the three main Rhine River distributaries in the 
Netherlands, which provide an important breeding habitat for the species. The 
corncrake observations were related to landscape characteristics (area, shape, texture 
and diversity) with logistic regression analysis. The probability of corncrake occurrence 
showed a significant increase with the area of potential habitat, i.e., herbaceous 
vegetation and grasslands. In addition, significant positive relationships were found 
with patch area and with nature reserve area (i.e., the area where mowing is delayed). 
These results imply that corncrake habitat conservation schemes should focus on the 
preservation of sufficient potential habitat area and that existing management 
measures, like delayed mowing, should be implemented in relatively large, preferably 
contiguous areas.
Potential effects of heavy metal contamination on vertebrate organisms in floodplains 
were investigated by developing and applying a spatially explicit wildlife exposure 
model (Chapter 7). The model simulates dietary exposure to heavy metal contamination 
for six small mammal species and four top predators. It was parameterised for cadmium 
contamination in a floodplain area along the Waal River. Simulations were performed 
for 1000 individuals per species and revealed that exposure concentrations were 
generally highest for worm-eating species: common shrew (Sorex araneus), European 
mole (Talpa europaea), little owl (Athene noctua) and badger (Meles meles). Although 
actual toxicological risks were difficult to assess due to a lack of species-specific toxicity 
reference values, tentative risk estimates indicated that negative effects of floodplain 
metal contamination cannot be excluded for these species.
Based on the results obtained, it was concluded that effects of metal contamination on 
terrestrial biota in the present-day lowland Rhine River floodplains are generally 
subordinate to influences of land use and flooding (Chapter 8). However, species with 
certain combinations of specific traits may be more susceptible to adverse impacts of 
contamination. This concerns, for example, species that feed on earthworms, have a 
relatively long generation time and permanently reside in the contaminated areas. 
Moreover, the impacts of contamination might be amplified or dampened by the
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concom itant influence of o ther stressors (e.g., flooding), and vice versa. This implies th a t 
an integrated approach is required w hen assessing impacts of multiple stressors on 
biota. Canonical analyses (Chapters 3-5), multiple regression (Chapter 6) and receptor- 
oriented exposure modelling (Chapter 7) provide useful or prom ising approaches to 
such integrated assessm ents.
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Riviergebonden ecosystem en behoren to t de m eest dynamische en gevarieerde, m aar 
ook de m eest bedreigde ecosystem en op aarde. Om effectieve beheer- en 
herstelm aatregelen te kunnen nem en is inzicht nodig in de eigenschappen van deze 
system en en de processen die daarop van invloed zijn. Dit proefschrift beschrijft de 
resultaten van onderzoek naar de invloeden van overstroming, landgebruik en 
bodem verontreiniging op dieren en planten in overstrom ingsvlakten (Hoofdstuk 1). 
Verschillende groepen organism en zijn onderzocht: planten, geleedpotigen en 
gewervelde dieren (vogels, zoogdieren). Het grootste deel van het onderzoek is 
uitgevoerd in de overstrom ingsvlakten (uiterw aarden) van de Rijn in Nederland. Deze 
gebieden w orden gekenm erkt door sterke antropogene invloeden: niet alleen zijn de 
u iterw aarden al eeuw enlang in gebruik voor bijvoorbeeld landbouw  en industrie, ook 
zijn de afgelopen eeuw aanzienlijke hoeveelheden door menselijke activiteiten vervuild 
riviersedim ent in de u iterw aarden afgezet.
Om inzicht te krijgen in de kenm erken van een nog onaangetaste riviervlakte is tevens 
een inventarisatie gem aakt van de hydrologie en de vegetatie in de overstrom ingsvlakte 
van de Ob in W est-Siberië (Hoofdstuk 2). Met behulp van veldm etingen en een 
hydrologisch model kon w orden aangetoond dat in he t onderzochte gebied sprake is van 
een omvangrijke toestroom  van opkwellend grondw ater. De aanvoer van kw elw ater 
bleek het grootst bij de overgang van het hoger gelegen achterland naar de riviervlakte. 
Het aangevoerde w ater verspreidde zich vervolgens over he t maaiveld en via de 
w ortelzone in de richting van de rivier. Hierdoor w erd het grootste deel van het 
studiegebied gekenm erkt door natte om standigheden en het voorkom en van planten die 
daaraan zijn aangepast. In vergelijking m et de vegetatie die w erd aangetroffen in een 
uiterw aardgebied langs de Rijn vertoonde de vegetatie langs de Ob een hogere 
abundantie van typische draslandsoorten en een hogere soortenrijkdom  (Hoofdstuk 8).
In tw ee uiterw aardgebieden langs de Rijn is onderzoek gedaan naar de invloeden van 
overstrom ing, landgebruik en verontreiniging m et zware m etalen op planten en 
geleedpotigen (Hoofdstuk 3-5). Hiertoe is gebruik gem aakt van statistische technieken 
w aarm ee variatie in taxonom ische sam enstelling kan w orden gerelateerd aan m eerdere 
omgevingsfactoren. Voor zowel vegetatie als geleedpotigen bleek de taxonomische 
variatie slechts een beperkte sam enhang te vertonen m et de m ate van verontreiniging 
door zware metalen. Voor de soortensam enstelling van de vegetatie bleken 
overstrom ing en landgebruik (begrazing) belangrijker dan de verontreiniging 
(Hoofdstuk 3). Desondanks vertoonde de soortenrijkdom  een significante afname m et 
de m ate van verontreiniging. Dit is een verrassend resultaat, aangezien de concentraties 
van de afzonderlijke m etalen over he t algem een lager w aren dan in de literatuur 
gerapporteerde m inim um concentraties waarbij toxische effecten in planten optreden. 
Naast mogelijke invloeden van factoren die niet zijn meegenom en in de analyse 
(bijvoorbeeld begrazingsdruk of nutriëntenbeschikbaarheid) kan sprake zijn van een 
combinatie-effect van verschillende factoren, bijvoorbeeld van verschillende chemische
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stoffen of van chemische stoffen in combinatie m et niet-chem ische factoren zoals 
overstroming.
Geleedpotigen vertoonden sterkere relaties m et overstrom ingskarakteristieken of 
vegetatie dan m et bodem eigenschappen en de mate van verontreiniging (Hoofdstuk 4­
5). Dit bleek niet alleen u it analyses op basis van gedetailleerde taxonomische data 
(loopkevers op het niveau van soort of geslacht), m aar kon ook w orden aangetoond m et 
behulp van m inder gedetailleerde taxonomische gegevens (kevers op het niveau van 
familie of geaggregeerde groepen op het niveau van orde to t klasse) (Hoofdstuk 5). 
Mogelijk is de ruim telijke heterogeniteit van het studiegebied zo groot dat de variatie in 
omgevingsfactoren ook op relatief hoge taxonomische niveaus weerspiegeld w ordt. In 
sterk  heterogene gebieden zoals overstrom ingsvlakten kan op basis van relatief grove 
taxonomische gegevens dus al een goede eerste indruk w orden verkregen van het 
relatieve belang van verschillende omgevingsfactoren. Loopkevers vertonen echter 
duidelijkere relaties m et vegetatietype en verontreiniging dan de groepen geleedpotigen 
op hogere taxonomische niveaus. Dit suggereert dat he t gebruik van gedetailleerde 
taxonom ische gegevens zinvol kan zijn om subtiele effecten van landgebruik en 
vervuiling aan te tonen en te duiden.
Voor de kwartelkoning (Crex crex), een vogelsoort die karakteristiek  is voor 
overstrom ingsvlakten, is onderzoek gedaan naar de mogelijke invloeden van 
landgebruik op de selectie van broedplekken (Hoofdstuk 6). W aarnem ingen van de 
soort bestonden uit observaties van roepende m annetjes (2001-2007) in de 
uiterw aarden van de IJssel, de Nederrijn en de Waal. Met behulp van logistische 
regressie zijn deze soortw aarnem ingen gerelateerd aan verschillende 
landschapskenm erken, zoals oppervlakte- en vorm karakteristieken en de tex tuur en 
diversiteit van het landschap. De kans op voorkom en van de soort bleek vooral af te 
hangen van de oppervlakte aan geschikte vegetatie, namelijk ruigte en grasland, waarbij 
een voorkeur leek te bestaan voor habitat in aaneengesloten stukken. D aarnaast w erd 
een positieve relatie gevonden tussen het voorkom en van kwartelkoningen en gebieden 
die pas laat in he t seizoen w orden gemaaid. Voor het behoud van de soort is he t dus van 
belang om voldoende potentieel habitat te behouden, bij voorkeur in aaneengesloten 
gebieden. D aarnaast zullen specifieke beheerm aatregelen, zoals uitstel van maaien, 
m oeten w orden geïm plem enteerd in gebieden van voldoende omvang.
Om voor gewervelde dieren de mogelijke effecten van bodem verontreiniging in 
u iterw aarden te bepalen, is een ruim telijk expliciet blootstellingsm odel ontwikkeld 
(Hoofdstuk 7). Op basis van de opnam e van zware m etalen in voedselketens berekent 
dit model blootstellingsconcentraties voor zes soorten kleine zoogdieren en vier top- 
predatoren. Het model is toegepast om voor deze soorten de blootstellingsconcentraties 
van cadmium te bepalen voor een uiterw aardgebied langs de Waal. M odelsimulaties 
voor 1000 individuen per soort lieten zien dat de blootstelling gemiddeld het hoogst is 
voor w orm enetende soorten: bosspitsm uis (Sorex araneus), Europese mol (Talpa 
europaea), steenuil (Athene noctua) en das (Meles meles). Of de voorspelde 
blootstellingsconcentraties hoog genoeg zijn om to t schadelijke effecten te leiden, is 
vooralsnog niet m et zekerheid te zeggen, aangezien de vereiste inform atie over de 
gevoeligheid van de specifieke soorten ontbreekt. Op basis van voorlopige risico- 
indicatoren kan echter w orden geconcludeerd dat negatieve effecten van
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m etaalverontreiniging voor m et name w orm enetende soorten niet kunnen w orden 
uitgesloten.
Op basis van de gecom bineerde onderzoeksresultaten kan w orden geconcludeerd dat 
invloeden van zware m etalen op planten en dieren in de uiterw aarden langs de Rijn in 
Nederland waarschijnlijk kleiner zijn dan de invloeden van landgebruik en overstrom ing 
(Hoofdstuk 8). Bepaalde soorten kunnen echter gevoeliger zijn voor blootstelling aan 
zware metalen. Dit betreft bijvoorbeeld diersoorten m et w orm en in het dieet, een lage 
reproductiesnelheid en een perm anente aanwezigheid in de vervuilde gebieden. 
Bovendien kan de invloed van de verontreiniging w orden versterk t of afgezwakt door de 
invloed van andere factoren, zoals periodieke overstroming, en omgekeerd. Om een 
realistische inschatting te kunnen m aken van de effecten van bepaalde stressoren  op 
ecosystem en m oet dus ook rekening w orden gehouden m et invloeden van andere 
factoren. Canonische analyse (Hoofdstuk 3-5), meervoudige regressie (Hoofdstuk 6) en 
modellen waarbij de blootgestelde organism en centraal staan (Hoofdstuk 7) blijken 
bruikbare of veelbelovende benaderingen voor een dergelijke integrale analyse.
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‘Er weiß alles, der Fluß, alles kann man von ihm lernen.'
Hermann Hesse (Siddhartha)
Bijna aan het eind van het proefschrift gekomen ruim  ik graag een paar pagina's in voor 
een bedankje aan iedereen die heeft bijgedragen aan de totstandkom ing ervan. Om te 
beginnen ga ik daarvoor een paar jaar terug  in de tijd en een flink aantal kilom eters naar 
he t oosten, namelijk naar de zom er van 2002 toen ik veldw erk deed in Siberië. Dat al het 
w aden en ploeteren, de steevast vollopende lieslaarzen en de talrijke muggen mij toen 
n iet hebben genezen van een bepaalde fascinatie voor riviergebonden ecosystem en is 
n ie t in de laatste plaats te danken gew eest aan de fijne sam enw erking binnen een 
internationaal team  van bevlogen onderzoekers. So, first of all, m any thanks to the 
participants in the Ob mire research project for the constructive cooperation! It has been 
a pleasure to w ork and w rite together w ith you and I am glad to have our jo int research 
article included in this thesis.
De overige hoofdstukken in dit proefschrift zijn to t stand gekomen tijdens mijn 
aanstelling als junior-onderzoeker aan de afdeling Milieukunde van de Radboud 
U niversiteit Nijmegen. Voor deze mooie ‘baan’ wil ik in de eerste plaats Rob Leuven 
bedanken. Rob heeft ervoor gezorgd dat het betreffende project een doorstart kreeg en 
daarm ee de noodzakelijke financiële randvoorw aarden voor mijn prom otieonderzoek 
gecreëerd. D aarnaast w ees hij me op de vacature toen ik op sollicitatiegesprek kwam 
voor eigenlijk een heel ander project. Rob, ik ben blij dat je voor d it ecologisch 
georiënteerde onderzoek voldoende vertrouw en had in een fysisch geograaf! En ik vind 
h e t fantastisch dat je me vervolgens de vrijheid gaf om grotendeels naar eigen inzicht te 
w erk  te gaan, vooral om dat dit n iet ten koste ging van je enthousiasm e en je 
betrokkenheid. Je bracht de ecologische kennis die ik als niet-ecoloog vaak ontbeerde en 
hield terloops een oogje op mijn u renstaa t (‘Niet te lang doorw erken hè?!’). Ik kijk m et 
veel plezier terug op onze samenwerking.
Naast coprom otor Rob w aren ook prom otor Jan Hendriks en coprom otor Ad Ragas 
nauw  betrokken bij mijn prom otieonderzoek. Jan, ik heb zelden iem and ontm oet die 
zoveel optimisme uitstraalt. Laat ik op deze plaats m aar eens tegen je zeggen dat ik daar 
veel aan heb gehad, zowel in he t w erk als daarbuiten. D aarnaast bew aakte je de 
inhoudelijke sam enhang van mijn onderzoek (‘Leuk m anuscript, m aar hoe past he t in je 
proefschrift?’) en legde je de lat steeds een stukje hoger (‘Kun je m isschien ook iets 
bedenken dat écht vernieuw end is?’). Op de m om enten zelf was ik er n iet altijd gelukkig 
mee, m aar achteraf bezien hebben dergelijke prikkelende vragen me wel verder 
gebracht. Bedankt voor het plezier en de inspiratie! Ad, dank je wel voor je altijd 
kritische kijk op mijn m ethoden (‘Heb je ook referentiem ateriaal geanalyseerd?’) en 
resultaten (‘Hoe betrouw baar is dit verband eigenlijk?’). Mijn w erk w erd altijd be ter als
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jij meekeek. En als ik he t even niet m eer w ist allemaal (‘Eh... autocorrelatie?’), w ist jij 
wel w eer een strategie te verzinnen om de dingen op de rails te krijgen. Als ik me spiegel 
aan jouw  analytisch verm ogen en scherpe blik heb ik nog een hoop te leren.
Het geheel is m eer dan de som der delen: gezamenlijk veld- en labw erk is n iet alleen 
makkelijker en effectiever, m aar ook veel leuker! Dank daarom  aan het ‘Ewijk-team’ 
voor de veldcampagne van 2005 en dank aan iedereen die mij vergezeld heeft in de 
W olfswaard voor alle helpende handen. Sander Wijnhoven maakte mij wegwijs in een 
w ereld van potvallen en destructiem agnetrons en telde de geleedpotigen in de Ewijk- 
studie. Nico van den Brink wil ik in he t bijzonder noem en vanwege alle logistieke en 
inhoudelijke hulp bij de opzet en uitvoering van het W olfswaard-veldwerk. Ik vind het 
leuk dat onze sam enw erking n iet is opgehouden bij de voltooiing van mijn proefschrift.
Tijdens mijn onderzoek ontdekte ik al gauw dat mijn eigen taxonomische indeling van 
planten en geleedpotigen (gras, struik, boom, insect, s p in .)  w elisw aar bruikbaar is in 
h e t dagelijks leven, m aar niet toereikend voor het beantw oorden van mijn 
onderzoeksvragen. Gelukkig w aren Marten Geertsma en Kim Lotterm an bereid om voor 
mij de kevers en planten uit de W olfswaard op naam te brengen. Bedankt voor jullie 
vakkennis, geduld en gezelschap!
Kees Koffijberg dank ik voor de fijne sam enw erking in het kwartelkoningonderzoek. Als 
we hadden geweten dat he t zoveel voeten in aarde zou hebben om h e t gezamenlijke 
artikel te slijten, w aren we er wellicht n iet aan begonnen. Het is dus m aar goed dat we 
dat van tevoren niet wisten, w ant ik had dit project n iet willen missen! Ik hoop dat we 
onze sam enw erking een vervolg kunnen geven, al is he t m aar om dat ik nog steeds graag 
eens een kwartelkoning ‘in het echt’ wil zien.
De afgelopen jaren ben ik regelm atig betrokken gew eest bij de begeleiding van 
studenten die op de afdeling een onderzoeksstage deden. Ik verm oed dat ik daar 
m instens zo veel van heb geleerd als de studenten zelf en daarom  alleen al past hier een 
bedankje aan Joäo Lopes, Julian Tramper, Guido Atsma, Jon Matthews, Giel Ermers, 
Marije van W eperen, Laura Verbrugge en John Korsman. Drie van hen hebben ook nog 
een wezenlijke bijdrage aan de inhoud van dit proefschrift geleverd. Joäo, many thanks 
for your crucial efforts to construct the SpaCE-model! Your never fading endurance and 
optim ism  have been very inspiring. Guido en Marije, dank jullie wel voor de gedegen 
analyses van de kwartelkoningdata. Zonder jullie inspanningen was hoofdstuk 6 er 
w aarschijnlijk niet gekomen.
Having been around a t the D epartm ent of Environmental Science for nearly six years 
now, I’ve seen quite some changes in the collection of colleagues. As I don’t  w ant to take 
the risk  of forgetting anybody: many thanks to ALL of you, perm anent and tem porary  
staff, for the pleasant atm osphere, the coffee breaks, the ‘dagjes uit’ and other social 
events, and the fruitful discussions during lunch or o ther meetings. Mark L., ik vond het 
leuk dat onze projecten zoveel ruim te bleken te bieden om sam en te werken. Dat heeft 
een paar mooie gezamenlijke publicaties opgeleverd! Ik hoop dat je huidige baan m inder 
w eerbarstig  is dan het EcoSpaCe-model. Mara en Rosalie, he t is dat ik ne t in een andere 
w eek prom oveer dan jullie, m aar voor het overige liepen onze prom otietrajecten bijna 
perfect parallel. Fijn om de afgelopen jaren zowel proefschriftperikelen als een
172
Dankwoord (Acknowledgements)
w erkkam er m et jullie te kunnen delen. Mark H., veel dank voor je inspanningen om mijn 
aanstelling als post-doc rond te krijgen. Ik ben blij nog even op de afdeling te mogen 
blijven en ik kijk al u it naar de volgende CADASTER-bijeenkomst. Nodig jij Pjotr uit...?
De collega's van de afdeling Aquatische Ecologie en de Stichting Bargerveen bedank ik 
voor het uitlenen van allerhande handige dingen voor faunabem onstering, zoals 
m onsterpotjes en vrieselem enten, en voor de gezellige w erksfeer op het 
determ inatielab. Vooral daardoor heb ik toch goede herinneringen aan het bijna 
eindeloos tellen van spinnen en kevers. Jelle Eygensteyn van het Gemeenschappelijk 
Instrum entarium  stond altijd klaar om mijn m onsters door het ICP-apparaat te halen. 
Wilco Verberk hielp mij m et he t m aken van de curves op pagina 113. Jim Labbe checked 
the English sum m ary for linguistic flaws and errors. Hans de Kroon, Ton Breure en Hans 
Middelkoop vorm den de m anuscriptcom m issie die dit boekje woog en zw aar genoeg 
bevond. Allemaal bedankt voor jullie tijd!
Kenmerkend voor het doen van prom otieonderzoek is dat je er soms moeilijk van los 
kunt komen, terwijl dat juist zo bevorderlijk is. Gelukkig haalden Hannie de Caluwe en 
Peter Cruijsen mij in de lunchpauze regelm atig achter mijn com puter vandaan voor een 
rondje hardlopen. Laten we daar vooral mee doorgaan! Na werktijd zorgden mijn 
(schoon)familie en vrienden ervoor dat ik dacht aan andere dingen dan uiterw aarden. 
Morele en praktische steun in moeilijke tijden (ingewijden w eten dat 2009 niet 
eenvoudig was), klushulp in ons nieuwe huis, gesprekken, etentjes, uitstapjes, gedeelde 
'hobbies' of gewoon een grap of een woord-van-de-dag: ik ben blij dat jullie er zijn! Henk 
en Marc, leuk dat jullie willen optreden als mijn paranimfen. (Nee, liedjes en grappen 
zijn toch echt n ie t gebruikelijk tijdens de p lech tigheid .) Henk, tevens dank voor de 
stoom cursus Adobe Illustrator en het oppoetsen van de figuren die dat dringend nodig 
hadden.
Tot slot enkele w oorden voor mijn 'oude' en 'nieuw e' thuisfront. Arnoud, dit w erkstukje 
haalt he t natuurlijk n iet bij jouw aardrijkskundescriptie, m aar goed, he t is in elk geval 
eens een mijlpaal die ik eerder bereik dan jij. © Jetske en Han, jullie ben ik onzegbare 
dank verschuldigd voor de solide basis die jullie onder mijn leven hebben gelegd. Dit 
proefschrift is voor jullie: he t zou er n iet zijn gew eest zonder die basis en het gevoel dat 
ik in geval van nood altijd een beroep op jullie kan doen. Raymond, dank je wel voor je 
niet aflatende vertrouw en in de goede afloop van mijn prom otietraject en je tolerantie 
ten  aanzien van de bijkomende praktische ongemakken (mijn m entale afwezigheid, 
modderige laarzen in de gang, spitsm uizen in de vriezer, de soms lange werkdagen). 
Maar bovenal prijs ik mij erg gelukkig m et alle andere dingen die we doen en delen! Jij 
en Teun zijn het beste deel van mijn leven, hopelijk nog heel lang.
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